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ABSTRACT
The cochlear implant (CI) is an auditory prosthesis that electrically
stimulates the cochlear nerve to restore hearing. Although modern
CI systems have proven to be a successful treatment for hearing im-
paired or deaf people, there are signiﬁcant diﬀerences in the perfor-
mance between people with normal hearing and CI recipients. This
thesis aims to contribute to the ﬁeld of cochlear implantation with
a multidisciplinary approach, addressing problems related to mini-
mally invasive surgical implantation and front-end processing of CI
audio processors.
First, concepts required for the clinical application of a minimally
invasive robotic cochlear implantation approach were investigated.
A computer-assisted method for scala tympani access and insertion
trajectory planning was developed and evaluated in ex vivo models.
With the proposed method, it was possible to achieve full scala tym-
pani insertions in cases demanding a trajectory positioning accuracy
below 0.5 mm. The study demonstrated that an optimal access to the
scala tympani can be planned and performed with the robotic system.
Furthermore, a manual insertion procedure for the minimally inva-
sive approach was developed and tested. In all 8 tested specimens it
was possible to insert the CI electrode arrays through the small drill
tunnel using the proposed procedure, showing the feasibility of the
approach.
Second, front-end processing strategies of novel CI audio proces-
sors were evaluated. The inﬂuence of the microphone position of
a single-unit processor on speech intelligibility in noise was investi-
gated in a clinical study with 12 experienced CI users. It was shown
that detrimental eﬀects on speech reception are introduced by micro-
phones positioned further to the back of the head. The signal-to-noise
ratio was signiﬁcantly better with the behind-the-ear processor when
compared with the single-unit processor, if noise was presented from
behind (4.4 dB, p <0.001). Directional microphone systems could be
applied to overcome this drawback. A second audiological study with
10 subjects evaluated the expected beneﬁt of a pinna eﬀect imitating
directional microphone system. The directional microphone setting
vii
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improved the speech reception thresholds by up to 3.6 dB (p <0.01)
on average when compared to the omnidirectional mode, indicating
that CI users can beneﬁt from the directional microphone system.
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chapter 1
INTRODUCTION
A short introduction to the anatomy and physiology of the
human ear is provided and the diﬀerent types of periph-
eral hearing loss and therapies are described. Particular
emphasis is placed on cochlear implants, their design and
function, and the clinical aspects of cochlear implanta-
tion. An overview of current deﬁcits of cochlear implants
is given and the objectives of the thesis are described.
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1.1 Motivation
In 2012, a report of the World Health Organization (WHO) identiﬁed
hearing impairment as one of the most prevalent chronic disabilities
in the world and estimated about 360 million persons to suﬀer from
disabling hearing loss [1]. While mild hearing loss can cause com-
munication diﬃculties, especially in background noise, the impact of
more severe forms of hearing impairment is further-reaching. Hearing
is critical to language development in the ﬁrst years of a child’s life,
and pediatric hearing loss is known to negatively inﬂuence the educa-
tional and psychosocial development [2]. In adults, untreated hearing
loss can have detrimental social, psychological, cognitive, and health-
associated consequences, and may lead to isolation and withdrawal
[3].
Among the multitude of available treatment modalities for hear-
ing impairment, the cochlear implant (CI) can be considered the most
outstanding technical achievement of the last decades [4]. The CI is
an auditory prosthesis that is able to restore the hearing sense of hear-
ing impaired or even completely deaf people. Currently available CIs
are highly complex and well-advanced systems that systematically
demonstrated to be a successful treatment option. However, a high
variability in therapy outcome remains persistent and CI recipients
still experience diﬃculties with speech reception in crowded or noisy
settings. To a certain degree these issues can be associated with the
technical limitations of modern CI systems. Therefore, to improve
the eﬃcacy of current implant systems, this thesis applies a multidis-
ciplinary approach that covers concepts of otology, audiology, and
computational engineering. Speciﬁcally, issues related to minimally
invasive cochlear implantation and CI front-end technology are ad-
dressed.
In the following sections, the human ear anatomy, physiology, and
pathology are brieﬂy summarized to provide the background knowl-
edge required for an understanding of current CI technology and
concepts, and the deﬁcits examined in this thesis.
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1.2 Anatomy and Physiology of the Human Ear
The human ear can be anatomically and functionally divided into 3
parts: the outer ear, the middle ear and the inner ear (Fig. 1.1).
The ear is the peripheral part of the auditory system and transduces
sound pressure waves into neural action potentials. These signals
are transmitted through the cochlear nerve and further processed in
the central auditory system, ultimately leading to the perception of
sound.
Fig. 1.1. Coronal section of a right temporal bone showing the outer ear (shaded
red), the middle ear (shaded green), and the inner ear (shaded blue); anterior view.
Pinna (1); external auditory canal (2); tympanic membrane (3); tympanic cavity
(4); Eustachian tube (5); malleus (6); incus (7); stapes and oval window (8);
cochlea (9); semicircular canals (10); vestibulocochlear nerve (11); facial nerve
(12); mastoid tip (13). Image based on computed tomography data.
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Outer ear
The outer ear consists of the pinna and the external auditory canal
(EAC). It collects and directs sound pressure waves from the free
sound ﬁeld to the tympanic membrane. The shape of the outer ear
acts as a frequency-selective directional ﬁlter (pinna eﬀect). Signal
components in the frequency range between 1.5 and 7 kHz are am-
pliﬁed [5–7]. The pinna has a stronger directionality to the front at
frequencies higher than 2 kHz [8]. It plays an important role in spatial
hearing, because it encodes the direction of sound incidence in the
signal spectrum. These so-called monaural cues enable sound local-
ization in the median plane and reduce the occurrence of front-back
confusions [9, 10].
Middle ear
The tympanic membrane separates the outer ear from the middle
ear, an air-ﬁlled space (tympanic cavity) that contains the ossicles,
the middle ear muscles and a portion of the chorda tympani. The
ossicles (malleus, incus, and stapes) transfer the vibrations at the
tympanic membrane to the oval window of the cochlea. At the same
time the pressure amplitude is ampliﬁed approximately by a factor
of 22, reducing the impedance mismatch between the outer ear and
the ﬂuid-ﬁlled inner ear, and allowing an eﬃcient sound transmission
[11, 12].
The tympanic cavity communicates with the nasopharynx through
the Eustachian tube, enabling air pressure equalization between both
sides of the tympanic membrane. The physiological role of the middle
ear muscles (m. tensor tympani and m. stapedius) is not completely
understood, probable functions are the attenuation of low-frequency
noise (below 2 kHz), the protection against permanent damage to the
inner ear caused by loud sounds, and the attenuation of self-generated
sounds, such as one’s own speech [13–15].
Inner ear
The inner ear is located in the petrous portion of the temporal bone.
It contains 2 ﬂuid-ﬁlled partitions: the bony and the membranous
labyrinth. The bony labyrinth is composed of the cavities of the
cochlea, the vestibule, and the semicircular canals and is ﬁlled with
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perilymph. The endolymph containing membranous labyrinth lies
within the bony labyrinth.
The auditory part of the inner ear is the cochlea, a helical struc-
ture with an average length of 35 mm and approximately 23/4 turns.
Remarkably, an extensive anatomic variation in dimension and shape
can be observed in humans, with cochlear duct lengths ranging from
25 to 45 mm [16–19]. Figure 1.2 shows a cross section of a cochlea
based on micro-computed tomography (MicroCT) images. Three sep-
arated compartments can be identiﬁed in each turn of the cochlear
channel: the scala media (SM), the scala tympani (ST), and the scala
vestibuli (SV). The SM (or cochlear duct) ends at the cochlear apex
and is separated from the perilymphatic space by the basilar mem-
brane and Reissner’s membrane (see Figure 1.3). The receptor organ
of hearing, the organ of Corti, sits on the basilar membrane and coils
along the entire length of the cochlea. It is a complex compound
of supporting structures and 2 types of sensory cells, the inner and
outer hair cells. The inner hair cells are arranged in a single row,
while the outer hair cells occur in 3 to 5 rows. In a human cochlea
about 3,500 inner and 12,000 outer hair cells can be found. The
Fig. 1.2. Axial section of a left human cochlea; inferior view. Internal auditory
canal (1); cochlear nerve (2); modiolus (3); spiral ganglion (4); osseous spiral
lamina (5); scala tympani (6); scala vestibuli (7); scala media (8); spiral ligament
(9); helicotrema (10); round window niche (11) and bony overhang (12); round
window membrane (13). The position of the basilar membrane is indicated by
asterisks. The other structures of the cochlear canal are marked in the basal
turn only. The ﬂuid-ﬁlled compartments are shaded blue (perilymph) and green
(endolymph).
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outer hair cells are attached to a jelly-like extracellular matrix, the
tectorial membrane [20, 21]. It remains unclear whether the inner
hair cells are directly linked to the tectorial membrane as well [17].
Fig. 1.3. Cross section of the scala media and the organ of Corti (shaded red).
Basilar membrane (1); Reissner’s membrane (2); stria vascularis (3); tectorial
membrane (4); inner hair cell (5); outer hair cells (6); spiral ligament (7); osseous
spiral lamina (8); spiral ganglion ﬁbers (9). Figure based on histological image.
The footplate of the stapes is connected to the SV at the oval
window. The ST and SV join at the helicotrema and the ST is termi-
nated against the tympanic cavity at the round window (RW) mem-
brane. Pressure changes at the oval window generate ﬂuid motions
that travel down the cochlea and result in a vibration of the basilar
membrane. The mechanical properties of the basilar membrane vary
considerably along the spiral: at the base it is narrow (100 m) and
stiﬀ, and at the apex it is wider (500 m) and more compliant [17,
22]. As a consequence, the position of the maximum displacement
amplitude on the basilar membrane is frequency-dependent. Lower
frequencies are resonating toward the helicotrema and higher frequen-
cies closer to the oval window (tonotopy) [12, 23]. The contractible
outer hair cells serve as active non-linear ampliﬁers of the basilar
membrane motion for input levels until 50 dB hearing level (HL)
and increase the frequency discrimination [24]. The inner hair cells
are considered the principle site of sound reception. The movement of
the basilar membrane with respect to the tectorial membrane causes
a displacement of the inner hair cells and the generation of neural
action potentials in the adjacent spiral ganglion nerve cells [25].
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1.3 Peripheral Hearing Loss and Therapies
Many of the above mentioned anatomical structures can be aﬀected
by malfunctions leading to hearing impairment. Hearing disorders
are categorized by the location of the compromised part in the audi-
tory pathway. Peripheral hearing impairment can be of a conductive
or sensorineural kind, a combination of both types in the same ear
is called mixed hearing loss. In addition, central hearing disorders
which aﬀect the auditory processing in the central nervous system can
be diﬀerentiated. A common classiﬁcation of the severity of hearing
loss used in German speaking countries is shown in Table 1.1 [11].
Table 1.1. Overview of hearing loss degrees [11].
Degree of hearing loss PTA, dB HL
Normal hearing 0 to 20
Mild 20 to 40
Moderate 40 to 55
Moderately severe 55 to 70
Severe 70 to 90
Profound above 90
PTA = Pure tone average at 0.5/1/2/4 kHz.
Conductive Hearing Loss
Conductive hearing loss is caused by an impaired sound transmission
from the outer ear to the inner ear, resulting in an attenuated sound
intensity arriving at the cochlea. Common causes include the absence
or blockage of the EAC (e.g., atresia or cerumen obturans), tympanic
membrane perforation, a ﬂuid-ﬁlled tympanic cavity (middle ear in-
fections), and limited mobility of the ossicles (e.g., otosclerosis) [11].
Treatment modalities for conductive hearing loss include pharma-
ceutical as well as surgical measures and/or the provision of hearing
aids. Depending on the audiological and otological ﬁndings, conven-
tional hearing aids, bone conduction devices or implants [26, 27], or
middle ear implants can be the best choice for the the patient [28].
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Sensorineural Hearing Loss
Sensorineural hearing loss occurs if the structures of the inner ear
(cochlear hearing loss) or, much less frequently, the cochlear nerve or
synapses (auditory neuropathy/synaptopathy, retrocochlear hearing
loss) are malfunctioning or damaged. The most common causes for
cochlear hearing loss are presbycusis (age-related hearing loss), acous-
tic trauma, inner ear disorders (e.g., Meniere’s disease) and infections
(e.g., meningitis), genetic causes, ototoxic drugs, and sudden deafness
[29]. As opposed to a pure conductive hearing impairment, patients
with cochlear hearing loss face challenges that cannot be overcome
by linear acoustic ampliﬁcation. In particular, the speech intelligibil-
ity is impaired because of a distortion of the incoming acoustic sig-
nal. Furthermore, they experience a reduced audibility of soft sounds
while higher sound intensities are still perceived as loud. This phe-
nomenon is called recruitment and is believed to be caused by the
loss of the cochlear ampliﬁcation provided by the outer hair cells [11].
Today, conventional hearing aids are most often used as a treat-
ment for mild to severe sensorineural hearing loss. If conventional
hearing aids are contraindicated, middle ear implants are possible
therapies [28]. In the case of sensorineural single-sided deafness
(SSD), contralaterally placed conventional contralateral routing of
signal (CROS) hearing aids or bone conduction implants can be
used for treatment [30]. Less than 10% of hearing impaired patients
present bilateral severe-to-profound hearing loss. The beneﬁt of the
aforementioned treatment options is very limited in this cohort, be-
cause insuﬃcient information for adequate speech perception is pro-
vided through hearing aids. However, these patients can beneﬁt from
cochlear implants [31].
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1.4 Cochlear Implants
The cochlear implant (CI) is an auditory prosthesis that bypasses non-
functioning parts of the cochlea and directly stimulates the cochlear
nerve with electrical impulses. In 1957, a French group achieved the
ﬁrst stimulation of the cochlear nerve with an implanted electrode
[32]. Especially since the 1980s, the CI was further advanced from
an experimental device to the predominant treatment for profound
hearing loss [33]. To date, over 400,000 CIs have been implanted
worldwide in patients with severe-to-profound deafness [34].
CI Design and Function
Current CI systems consist of an implantable part and an external
audio processor (Fig. 1.4). The external part is usually worn behind
Fig. 1.4. The main parts of a cochlear implant system. External audio processor
(1); transmission coil (2); implant with receiver/stimulator unit (3); inserted
electrode array (4).
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the ear and consists of one or more microphones, the batteries, the
signal processing unit, and the transmission coil which is magnetically
held above the implant. The implantable part consists of a receiving
coil, the receiver/stimulator unit, the reference electrode which can
be part of the implant body, and the electrode array that is inserted
into the cochlea.
The audio processor records and processes incoming sound signals
from the environment. Multiple microphone systems can be applied
to improve the speech intelligibility in background noise (e.g., with
directional microphone systems and signal enhancement strategies)
[35, 36]. CI systems mimic the tonotopic stimulation present in the
cochlea and mainly use signal processing methods based on the con-
tinuous interleaved sampling (CIS) speech coding strategy [37]. The
signal processing chain involves a stage (so-called automatic gain con-
trol) to compress the dynamic range of acoustic signals (up to about
100 dB) to a range applicable for digital processing. Subsequently,
the signal is band-pass ﬁltered to assign the spectral information to
the corresponding stimulation channel. In each channel, the signal
envelope is extracted to modulate the amplitude of stimulation pulse
trains. A logarithmic function is used to map the stimulation cur-
rent to the recipient’s electrical dynamic range. This range is much
smaller than the acoustic dynamic range of a healthy ear and varies
largely between individuals (between 5 to 20 dB). The stimuli are
sent to one electrode after the other at rates that can reach up to
5,000 pulses per second [38]. Usually the stimulation patterns are ap-
plied through biphasic pulses in a monopolar electrode conﬁguration
[31]. Today, the most commonly used coding strategies in commercial
systems are enhancements of the CIS strategy and aim to improve
the sound perception through channel-selective algorithms (ACE and
MP3000), current-steered stimuli to generate virtual channels (HiRes
Fidelity 120), or variable stimulation rates at apical electrodes for
temporal ﬁne structure information (FSP) [39–43].
The encoded signal is transcutaneously transmitted to the im-
plant via a radio frequency link. The receiver/stimulator unit de-
codes the signal and generates the stimulation pattern for the elec-
trode array. Modern electrode arrays have 12 to 22 electrodes and
are available in diﬀerent lengths, mainly to ﬁt the surgical demands
in patients with residual hearing and malformed cochleae [44, 45].
The useful maximum number of stimulation channels is primarily re-
stricted by the channel interaction (spread of excitation). Studies
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have shown that the contribution of more than 8 active electrodes to
an improved speech intelligibility in quiet is limited [31, 46–48].
Fig. 1.5. 3D surface model of a left human cochlea with a deeply inserted free-
ﬁtting electrode array (blue). In this case, the array was inserted through the
round window (approximately 2 turns). Image rendered from MicroCT data.
Diﬀerent strategies regarding the intracochlear position of the ar-
ray are pursued by researchers and CI manufacturers. Perimodiolar
arrays are designed to self-coil around the modiolus to be placed ad-
jacent to the spiral ganglion. Free-ﬁtting arrays are more ﬂexible and
slide along the outer wall of the cochlea for a placement under the or-
gan of Corti (Fig. 1.5). Potential advantages of electrodes positioned
closer to the spiral ganglion such as decreased stimulation thresholds
and better frequency discrimination were stated. However, no diﬀer-
ences on the outcome of speech intelligibility or pitch detection have
been shown so far [49–52], and the exact location of the excitation of
cochlear neural structures through electrical pulses remains unclear
[31, 48].
CI systems additionally provide a telemetry function to check
the functional integrity of the implant, to measure the electrode
impedances, and to record electrically evoked compound action po-
tentials (ECAP) of the cochlear nerve, providing valuable informa-
tion for later ﬁtting of the CI.
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Candidacy and Clinical Applications
The assessment of CI candidacy is a comprehensive process that
involves radiological, medical, and audiological evaluations as well
as psychological counselling. The primary indication is severe-to-
profound bilateral sensorineural hearing loss with little or no beneﬁt
from conventional hearing aids. The best outcomes can be expected
in postlingually deafened adults with a short duration of deafness
and in early implanted prelingually deaf children. Poorer results can
be expected in adults with prelingual deafness and a long duration of
deafness [31]. Contraindications for CIs are an absent cochlea, some
forms of severe cochlear malformations, a missing cochlear nerve, and
a poor medical or psychological condition of the patient preventing
surgery or participation in the speech-language therapy [11, 53].
The indication criteria for CIs are constantly expanding. As op-
posed to an unilateral CI treatment in patients with bilateral hear-
ing loss, bilateral cochlear implantation enables the restoration of
binaural hearing. Improved speech intelligibility in noise and sound
localization have been demonstrated systematically in bilateral CI
recipients [54–56].
Technical advancements of the implant design and the implanta-
tion technology have enabled to use CIs in patients with residual hear-
ing. Systems with electric acoustic stimulation (EAS) combine the
technology of CIs and hearing aids in the same ear. Lower frequencies
are acoustically ampliﬁed, while higher frequencies are electrically
stimulated over the inserted electrode array. If residual hearing is
preserved, EAS users show signiﬁcantly better speech understanding
and spatial hearing abilities, and have a more natural music percep-
tion than can be expected with a normal CI [57–61].
Moreover, CIs are increasingly used as a treatment for single-
sided deafness (SSD). Conventional CROS hearing aids and bone-
conduction implants are well-established therapy options, because
they reduce the head shadow eﬀect and increase the responsiveness of
the patients at the deaf ear side. Nevertheless, CIs additionally oﬀer
the potential advantages of binaural hearing, such as better speech
understanding in noisy environments and improved spatial hearing
abilities. Recent studies have reported on a successful rehabilitation
of SSD with CIs, showing improved speech intelligibility in noise and
sound localization. Nevertheless, further research is needed to reﬁne
the eligibility criteria, and sound localization still remains challenging
for CI recipients with SSD [62–65].
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The experiences found from CI patients have meanwhile shown
promising results for tinnitus suppression. However, cochlear im-
plantation can also cause tinnitus deterioration, and further investi-
gations are necessary to understand the role of the CI as a treatment
for tinnitus [66–68].
Cochlear Implantation
Today, cochlear implantation is a safe and worldwide routinely per-
formed procedure. It is regularly carried out under general anesthesia
and monitoring of the facial nerve function [69, 70]. Nevertheless, the
complex anatomy of the temporal bone places high demands on the
skills and experience of the surgeon. During the intervention 2 key
stages can be identiﬁed. First, the surgeon needs to gain access to
the cochlea. Second, the electrode array has to be inserted into the
cochlea. In the following paragraphs, diﬀerent techniques for cochlear
implantation in non-malformed anatomy are brieﬂy summarized.
Surgical Approaches
In the last decades, the transmastoid posterior tympanotomy (or fa-
cial recess) approach has become the standard procedure for cochlear
access [71]. A cortical mastoidectomy is drilled to identify landmarks
indicating the course of the facial nerve. Afterwards, a posterior tym-
panotomy is performed until the RW niche is suﬃciently exposed [53,
72]. The size of the facial recess available for access to the RW niche
is about 2 to 3 mm in adults and children at the level of the oval win-
dow [73]. If required, the chorda tympani can be sacriﬁced to extend
the facial recess and increase the visibility of the cochlear promontory.
Figure 1.6 illustrates a perspective view of the tympanic cavity and
the facial recess. The cochlear promontory is directly exposed and an
optimal insertion angle with respect to the basal turn of the cochlea
is provided [74]. Cochlear implantation using a transmastoid poste-
rior tympanotomy is considered safe, however, this approach needs
experienced skills. Reports of facial nerve injury during implantation
show a rate of less than 1%. Drawbacks of this approach are the need
for a mastoidectomy and a suﬃciently big facial recess [75].
For this reason, several alternative approaches have been elabo-
rated in the past. Endoscopic techniques were developed for cochlear
implantation to reduce the size of the mastoidectomy or to completely
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avoid it. However, endoscopic interventions require a high training
level of the surgeon for depth perception and orientation [76–78]. An
alternative technique, the suprameatal approach, involves a tympa-
nomeatal ﬂap to visualize the tympanic cavity. A groove is prepared
posterosuperior to the chorda tympani and connected with a tunnel
drilled in the area superior to the EAC. During drilling, the facial
nerve is protected by the incus. This approach avoids a mastoidec-
tomy and posterior tympanotomy, nevertheless, it results in insertion
angles 30 degrees superiorly compared to the facial recess approach
[79, 80]. Furthermore, endaural implantation strategies have been
developed. The Veria technique uses a custom designed tool to drill
a canal to the tympanic cavity in the posterior wall of the EAC [81,
82]. In the pericanal approach, a rim is drilled into the posterosu-
perior region of the EAC to accommodate the electrode carrier [83].
The main disadvantages of the endaural techniques are the steep in-
Fig. 1.6. Perspective view of the tympanic cavity and the facial recess (red
dashed line); right temporal bone. During the intervention, the cochlear promon-
tory is visible through the facial recess only. It is bound by the facial nerve (1),
the chorda tympani (2), the fossa incudis (not shown), and the posterior wall
(not shown) of the external auditory canal (3). Round window (4); tympanic
membrane (5); malleus (6); incus (7); stapes (8); superior (9), lateral (10), and
posterior semicircular canals (11). Image based on computed-tomography data.
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sertion angle, the risk of tympanic membrane perforation, and the
risk of electrode exposure and extrusion [75]. An opening of the mid-
dle ear is completely avoided with the middle fossa approach. The
cochlea is accessed through a temporal craniotomy [84]. With this
approach, patients are at elevated risk for postoperative complica-
tions, including meningitis, memory and speech disturbances, and a
longer hospitalization [75].
Once the access to the tympanic cavity is established, the surgeon
has to open the cochlea to insert the electrode array. For several rea-
sons, the ST is the favored target for intracochlear array placement.
It has larger dimensions than the SV and thus can better accom-
modate the electrode array [85, 86]. Furthermore, with an insertion
into the SV the risk of damage to the fragile Reissner’s membrane is
higher [87]. Most importantly, speech intelligibility outcomes have
shown to be better in CI recipients with ST insertions [88–91].
The surgeon can access the ST either directly through the RW,
an extended RW, or a separately drilled cochleostomy. The optimal
approach to the ST is a topic of discussion and closely relates to the
type of the inserted electrode array [92–98]. The main advantages
of an insertion through the RW are a safe placement within the ST
and the prevention of drilling-induced damage to intracochlear struc-
tures. Furthermore, the RW membrane is a natural barrier against
blood and bone dust [99]. The drawbacks of a strict RW approach
are the steeper insertion angle at the ﬁrst contact and the possibility
of bending of the array in the hook region [94, 100]. In contrast, the
extended RW and cochleostomy approaches (favorable for perimodi-
olar arrays) enable insertion vectors more tangentially to the course
of the ST and provide an alternative access in malformed anatomy
[74, 94, 96]. However, surgeons need to be experienced to ﬁnd the
correct drilling position and to keep the endosteum intact. To en-
sure an insertion into the ST, the cochleostomy should be performed
inferior or anteroinferior to the RW [74, 87, 99–102].
Due to the tonotopic organization of the cochlea, the lower limit of
frequencies available for stimulation is restricted by the the insertion
depth of the electrode array [31]. The impact of the insertion depth
on speech perception is rated diﬀerently by diﬀerent authors [90, 103–
107]. However, recent studies have shown that shallow insertions lead
to bigger frequency mismatches with the default frequency allocations
of CI systems [104, 108, 109].
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Computer-Assisted Approaches
A diﬀerent possibility to combine the advantages of the posterior
tympanotomy approach (i.e., the optimized insertion angle) with the
minimal invasiveness of alternative approaches is the utilization of
computer-assisted technology. The ﬁrst feasibility study of computer-
navigated cochlear implantation in a cadaver specimen was presented
in 2004 [110]. A reproducible target accuracy of 0.5 mm was deﬁned
as the requirement for systems applied in cochlear implantation. At
that time, routinely used navigation systems did not meet this accu-
racy criterion. Consequently, computer-assisted methods were pro-
posed to accomplish a minimally invasive keyhole approach for CI
surgery. This approach, often referred to as percutaneous or direct
cochlear access (DCA), avoids a mastoidectomy by drilling a small
tunnel from the mastoid surface to the cochlea.
A concept for a DCA based on the principles of stereotactic
surgery uses patient-speciﬁc drill guide templates [111]. The method
involves the planning of a drilling trajectory on preoperative imaging
data, the implantation of ﬁxture pins in the temporal bone, addi-
tional imaging for patient-to-image registration, and the manufac-
turing of a patient-speciﬁc template with a milling machine. After
the attachment of the template to the ﬁxture pins, an otological
drill is used to perform the DCA. In 2013, this approach was clini-
cally tested in 8 patients showing 4 cases with complications related
to electrode array insertion and 1 case of facial nerve paresis [112].
Concept-related issues, e.g., the lack of feedback information during
the drilling procedure, limit the clinical applicability of this approach.
Other research groups investigated in robotic technology to achieve
a minimally invasive DCA. Commercially available industrial robots
were evaluated, however, the targeting accuracy demands of cochlear
implantation were not reached [113, 114]. Further on, custom-devel-
oped robotic systems were proposed [115–117]. After years of succes-
sive improvements, the robotic system developed at the ARTORG
Center, University of Bern achieved an overall target accuracy of 0.15
 0.08 mm (i.e., at the level of the RW) in 8 temporal bone specimens
[118]. Figure 1.7 shows the system which comprises an optical track-
ing camera, a serial manipulator as well as a navigation platform
and dedicated planning software [119, 120]. The robotic approach
introduces major changes to the clinical procedure of cochlear im-
plantation. The patient gets implanted with 4 small ﬁducial screws
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under local anesthesia. After preoperative imaging, the DCA tra-
jectory is planned by the surgeon and radiologist. The patient is
registered to the plan with the ﬁducial screws and the robot auto-
matically performs the DCA. The robotic system includes additional
safety concepts, such as redundant force-based position estimation
of the drill bit [121] and facial nerve monitoring [122], to avoid a
blind drilling procedure. However, a clinically feasible implantation
strategy after the completion of the DCA has to be developed prior
to testing the system in a clinical study.
Fig. 1.7. The robotic system for a minimally invasive direct cochlear access
developed in the ARTORG Center, University of Bern.
Processor Fitting and Rehabilitation Outcome
Typically a few weeks after the implantation, the external audio pro-
cessor is programmed and activated for the ﬁrst time. The electrode
impedances are measured and non-eﬀective or detrimental electrodes
are deactivated (e.g., short/open circuits, extracochlear position, fa-
cial nerve stimulation). The maximum and minimum levels for the
electrical stimulation are measured behaviorally, however, the record-
ing of electrically evoked compound action potentials (ECAP) or
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electrically evoked stapedial reﬂexes (ESRT) can be helpful. Fur-
ther steps prior to microphone activation include channel-speciﬁc
and overall loudness adjustments and balancing [123]. As CIs are
auditory prostheses, the recipients have to learn to hear and to in-
terpret new and at times unfamiliar sounds. This process involves
additional follow-up sessions for a ﬁtting reﬁnement (regular sessions
in the ﬁrst months and later often at least 1 visit per year) and usu-
ally takes months of training together with speech therapists before
an asymptotic level of speech perception is reached (usually after 3
to 6 months) [31].
Fig. 1.8. The multi-speaker setup for sound-ﬁeld audiometry located in the
ARTORG Center, University of Bern. The setup is primarily used for the preop-
erative and postoperative assessment of speech intelligibility in noise and spatial
hearing abilities.
Diﬀerent measurement methods can be used to evaluate the im-
plant eﬃcacy and treatment outcome after implantation. Objective
measurements do not require the patient’s cooperation, which is par-
ticularly important for small children. Clinically established methods
for postoperative CI diagnostics include the measurements of ECAP,
ESRT, and electrically evoked auditory brainstem responses (EABR)
[11]. Subjective (or psychophysical) measurements depend on the
feedback of the tested subject as a reaction to a given task. Dedicated
questionnaires can be used to assess the subjective beneﬁt (Quality
of Life) including music perception and tinnitus [54, 124–127]. An
integral component of the postoperative CI assessment is the sound-
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ﬁeld audiometry, which comprises the measurement of sound-ﬁeld
aided thresholds, speech audiometry, loudness scaling, and localiza-
tion experiments. While CI recipients are able to achieve high speech
recognition scores in a quiet environment, their speech intelligibility
in noise remains impaired after the treatment [128]. Therefore, the
evaluation of the speech intelligibility in noise is often an appropri-
ate choice to quantify the beneﬁt after cochlear implantation. These
tests have to be performed in acoustic chambers and usually require
measurement setups with multiple speakers (Fig. 1.8).
The postoperative beneﬁt varies signiﬁcantly between individual
CI recipients and can range from a basic awareness of sound to open-
set speech understanding and frequent telephone usage. The large
individual diﬀerences in the postoperative outcome can be partially
explained by patient-related and technology-related factors [4, 129].
Patient-related factors are associated with the individual etiology and
medical history of the CI recipient. This can inﬂuence the condition
and integrity of the peripheral and central auditory system at the
time of implantation, such as the onset and/or duration of deafness
or the extent of cochlear ossiﬁcation [89, 130].
Fig. 1.9. An overview of current research areas and examples of technological
aspects that can contribute to the eﬃcacy of cochlear implant systems.
Besides the patient-related aspects, several technology-associated
factors can be identiﬁed to inﬂuence the eﬃcacy of a CI system. Fig-
ure 1.9 summarizes diﬀerent technology-related aspects that aﬀect
the CI eﬃcacy and shows speciﬁc examples for potential improve-
ments.
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The preservation of intracochlear structures plays an important
role in cochlear implantation. To that end, computer-assisted meth-
ods oﬀer valuable potential advantages for structure preservation [4].
Preoperatively obtained radiological data can be used to generate
plans that either assist the surgeon in a conventional approach or
to serve as a feed-in for navigation-controlled systems. Furthermore,
minimally invasive robotic approaches could be used to perform a
DCA that integrates patient-speciﬁc insertion targets and vectors
to reduce the insertion friction forces. The preservation of residual
hearing could further be increased by the design of novel atraumatic
electrode arrays [131], the selection of patient-speciﬁc electrode ar-
ray lengths [132], or the development of improved surgical tools, e.g.,
insertion force monitoring instruments [133]. Other aspects of struc-
ture preservation include the retention and regeneration of neural
structures by direct application of medication through the implant
[134, 135].
Another research area of particular interest is the advancement
of the hardware and software of the external audio processor for an
increased CI eﬃcacy. Multimicrophone systems represent an eﬀec-
tive way to facilitate speech understanding in noisy acoustic envi-
ronments [128]. Furthermore, the implementation of novel sound
enhancement and noise reduction algorithms are measures with high
potential [136].
Both above mentioned research areas promise clinically relevant
improvements on the eﬃcacy of CI systems in the short and long-term
perspective. Therefore, this thesis has objectives in both domains, as
described in the following section.
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1.5 Thesis Objectives and Overview
This thesis aims to improve the eﬃcacy of current CI systems with a
multidisciplinary approach that applies otological, audiological, and
computational concepts in 2 research areas: the examination of mini-
mally invasive surgical procedures for cochlear implantation, and the
clinical evaluation of novel CI audio processors with regard to speech
intelligibility in noise.
In the ﬁrst part of this thesis, computer-assisted methods and
minimally invasive implantation concepts are developed with the aim
to improve the preservation of anatomical structures during cochlear
implantation. The robotic DCA approach developed in Bern oﬀers
several potential advantages, such as a minimally invasive access to
the tympanic cavity and the possibility for an optimized ST access. In
Chapter 2, the development and evaluation of a computer-assisted
planning method that considers the position and course of the ST
is presented. The robotic system has shown to fulﬁll the accuracy
demands required for a clinical application in cochlear implantation,
however, aspects related to electrode array insertion remain to be ad-
dressed. The robotic approach introduces challenges to the insertion
process of the CI array, mainly because the small tunnel (1.8 mm in
diameter) is limiting the space available for electrode array control.
In this context, the conception and validation of an insertion method
applicable for the minimally invasive robotic approach is described
in Chapter 3.
In the second part, the thesis turns to the area of front-end signal
processing and focuses on the clinical evaluation of CI audio proces-
sors. The assessment of the speech in noise performance with novel
designs and front-end processing technology may provide valuable
information for the scientiﬁc and clinical community, e.g., for proces-
sor ﬁtting or patient consultation. In Chapter 4, it is investigated
how the wearing position of a single-unit audio processor, and thus
its built-in omnidirectional microphone, aﬀects speech reception in
noise. In addition, computational and physical models are used to
estimate the expected outcomes for the speech in noise experiments.
Correspondingly, in Chapter 5, the speech in noise performance
with a new directional microphone system that imitates the pinna
eﬀect is evaluated.
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In the last chapter of the thesis, Chapter 6, the contributions
and limitations of the presented research projects are discussed and
an outlook on upcoming work is provided.
chapter 2
COCHLEAR IMPLANT INSERTION TRAJECTORY AND
SCALA TYMPANI ACCESS PLANNING
This chapter is published as:
Wimmer W, Venail F, Williamson T, Akkari M, Gerber N,
Weber S, Caversaccio M, Uziel A, Bell B. Semiautomatic
cochleostomy target and insertion trajectory planning for
minimally invasive cochlear implantation. Biomed Res
Int 2014; DOI: 10.1155/2014/596498.
The development and evaluation of a computer-assisted
planning method for a minimally invasive scala tympani
access is described. A landmark-based method is intro-
duced and validated in a cadaver model. The results of
the evaluation indicate that the method can be used to
achieve safe scala tympani insertions.
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2.1 Abstract
A major component of minimally invasive cochlear implantation is
atraumatic scala tympani (ST) placement of the electrode array.
This work reports on a semiautomatic planning paradigm that uses
anatomical landmarks and cochlear surface models for cochleostomy
target and insertion trajectory computation. The method was vali-
dated in a human whole head cadaver model (n = 10 temporal bones).
Cochleostomy targets were generated from an automated script and
used for consecutive planning of a direct cochlear access (DCA) drill
trajectory from the mastoid surface to the inner ear. An image-guided
robotic system was used to perform both, DCA and cochleostomy
drilling. Nine of 10 implanted specimens showed complete ST place-
ment. One case of scala vestibuli (SV) insertion occurred due to a
registration/drilling error of 0.79 mm. The presented approach indi-
cates that a safe cochleostomy target and insertion trajectory can be
planned using conventional clinical imaging modalities, which lack
suﬃcient resolution to identify the basilar membrane.
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2.2 Introduction
The aims of minimally invasive cochlear implant (CI) surgery are
manifold. On the one hand, minimally invasive access to the cochlea
is gained through a DCA, which is a small tunnel drilled from the
mastoid surface to the cochlea passing through the facial recess [112,
118]. In addition to a minimally invasive access, the preservation of
intracochlear structures during and after electrode array insertion is
an important research topic.
Once access to the tympanic cavity is established, the cochlea
must be opened to enable CI electrode array insertion. Two criteria
are primarily considered in the current deﬁnition of atraumatic elec-
trode insertion. First, the ST is the favored intracochlear lumen for
implant placement, especially in terms of retaining residual hearing
[58, 90–92, 137]. Second, the ideal insertion trajectory should align
with the center line of the ST to prevent damage to the basilar mem-
brane, the modiolus, or the spiral ligament during insertion. The ST
can be accessed either through a strict round window (RW) approach,
a RW related cochleostomy, or a promontory cochleostomy separated
from the RW. Drilling the cochleostomy in the correct location is one
of the major challenges the surgeon faces during the surgery. The
position is chosen intraoperatively according to the anatomical sit-
uation of the promontory (i.e., inferior or anteroinferior to the RW
membrane) to avoid damage to basal intracochlear structures [17, 70,
96, 100, 102, 138, 139].
In this context, image-guided cochleostomy approaches have been
investigated to aid the surgeon in determining the proper drill site,
but, to our knowledge, no clinical data has been published [140,
141]. Correct planning of the cochleostomy site and insertion tra-
jectory rely on an accurate representation of the anatomy during
planning. However, clinically applicable imaging modalities do not
provide suﬃcient imaging resolution for direct detection of the ST.
The RW remains the only consistent anatomical landmark for pre-
operative/intraoperative ST access planning. Meshik et al. [74] ana-
lyzed insertion trajectories in cadaveric temporal bones using micro-
computed tomography (MicroCT) imaging for ST visualization and
subsequent centerline computation. An alternative approach utilizes
active shape modeling for approximation of the position of the ST.
The ﬁrst report of a clinical implementation of this concept showed
complete ST implantation in 6 of 8 patients with minor complications
[112].
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Anatomical variations play an important role in the planning and
execution of any surgical procedure. For this reason, we hypothesize
that an interactive method is most appropriate during the planning
phase as this leaves the ultimate decision in the hands of the surgeon
and avoids errors arising from automatic black box methods. Fur-
thermore, we posit that the accuracy aﬀorded by an image-guided
robotic system can allow the surgeon to perform the cochleostomy
with suﬃcient accuracy to reliably place the electrode within the ST.
This work will present a semiautomatic planning method, which al-
lows the user to plan the cochleostomy site and insertion trajectory
compared to an idealized centerline approach [74]. The method was
tested in a whole head cadaver model wherein the planned trajec-
tory and cochleostomy site were drilled using an image-guided robot
system.
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2.3 Materials and Methods
Cochleostomy and Insertion Trajectory Computation
To obtain cochleostomy target positions and insertion trajectories,
a semiautomatic landmark based approach was implemented. The
method consists of three subsequences: manual landmark identiﬁca-
tion, surface model generation of the cochlea, and automatic coch-
leostomy and trajectory computation. Landmark identiﬁcation and
cochlear surface model generation were performed in a medical image
analysis software (Amira 5, VSG, Burlington, MA, USA). Oblique
coronal, axial, and sagittal slices were aligned to visualize the cochlea
according to international consensus [142]. As landmarks, the center
of the RW at the bony overhang (R), the basal center of the modiolus
(C), the apical center of the modiolus (A), and the inner wall at 0 de-
gree reference angle (I) were deﬁned (Fig. 2.1). Further, the cochlea,
the vestibule, and the semicircular canals were segmented using a re-
gion growing algorithm. Structure labels outside the bony labyrinth
were manually removed and a 3D surface model was generated.
A Matlab script (The MathWorks Inc., Natick, MA, US) was im-
plemented for automatic cochleostomy target and insertion trajectory
computation. The coordinates of the previously found landmarks and
the cochlear surface model serve as input for the algorithm. A local
Fig. 2.1. Landmark identiﬁcation of a right human cochlea using CBCT data.
a Oblique axial slice corresponding to the 0 degree reference plane (red line in
b, as deﬁned in [142]). The RW center adjacent to the bony overhang (R), the
inner wall border at the RW (I), the center of the modiolus in the basal turn
(C), and the apical center of the modiolus (A) are used to deﬁne a local cochlear
coordinate system for further computations. b Oblique coronal slice of the basal
turn (blue line in a) and the corresponding in-plane landmark positions.
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cochlear coordinate system based on cochlear landmarks is created
(Fig. 2.2a). The origin of the coordinate system is placed in the
basal center of the modiolus (C). The x-axis runs through the RW
(landmark R), and the z-axis passes through the apical center of the
modiolus (A). Finally, the y-axis is computed as the cross product
of x and z. The cochlear model is simpliﬁed through 2 assumptions.
First, the location of the basilar membrane is assumed to lie in the x-y
plane in the basal turn of the cochlear model. Close to the RW mem-
brane this assumption may not apply, since the basilar membrane
orientates along the x-z plane [102]. Nevertheless, the simpliﬁcation
ensures that insertion trajectories are not oriented toward the basilar
membrane in the basal turn. Additionally, it is supposed that the
basilar membrane is not lying posterior to the x-y plane (i.e., negative
z coordinates). The second major assumption is that the width of the
ST in the region of interest does not exceed the distance between the
landmarks R and I. The ﬁrst stage of the algorithm involves the iden-
tiﬁcation of surface points belonging to the ST. This is performed by
truncating the set of points to those having positive y and negative z
coordinates (Fig. 2.2a). Next, the algorithm removes points not be-
longing to the basal ST surface by satisfying the assumption that the
ST width is no larger than the distance between R and I. The third
step of the algorithm is the extraction of ST radial cross sections
which are used to compute the ST centerline. This is accomplished
by ﬁnding the nearest neighbor of a plane coincident with the z-axis
with discrete angular steps (i.e.,  = 5°; see Fig. 2.2b), starting at
the RW ( = 0°) and extending throughout the ﬁrst basal half turn
( = 180°). The center of gravity is calculated from the surface points
in each cross section. Finally, a cubic spline is ﬁt to the centers of
gravity to approximate the mid-scala course of ST. An optimal inser-
tion trajectory is deﬁned as a line tangent to the smoothed spline at
a deﬁned basal turn angle . The corresponding cochleostomy points
are found using a ray/triangle intersection algorithm [143]. The inser-
tion trajectories and target points are computed in steps of 2 degrees
up to a maximum of C = 20° (Fig. 2.2c).
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Fig. 2.2. Illustration of the automatic cochleostomy target/insertion trajectory
computation algorithm. a Based on the landmarks (black circles), a local cochlear
coordinate system is computed. As an assumption, the x-y plane is deﬁned as the
location of the basilar membrane. The surface model of the cochlea is truncated
to the ﬁrst half turn of the ST. b Radial cross sections are computed starting at
the RW (0 degree reference).The center of gravity is estimated (red circles) based
on the extracted vertices (black dots) for each cross section. c The centroid line
(red line) is ﬁtted with the data points, representing the mid-scala course of ST.
For a speciﬁed range, the tangents of the centroid line are computed, deﬁning the
optimal insertion trajectories (blue lines) and the corresponding cochleostomy
targets (diamonds) at the angular position C.
Basilar Membrane Approximation Error
In order to verify that the assumptions for the approximation of
the basilar membrane location apply, 5 datasets consisting of cone
beam computed tomography (CBCT) and MicroCT images of hu-
man cochleae were used. Images of both modalities were registered
and the displacement error between the actual position of the basi-
lar membrane (MicroCT) and the approximated location (x-y plane,
as found with the landmark based approach in CBCT) was assessed.
An overall mean error of 0.23 mm was found for the ﬁrst half of the
basal turn. As expected, the error is higher close to the RW. In the
region used for trajectory computation (45°    60°), an average
error of 0.22 mm was measured (Fig. 2.3).
30 Chapter 2. CI Insertion Planning
Fig. 2.3. The distance between the approximated position of the basilar mem-
brane (as computed with the landmark based approach) and its actual position
in the corresponding MicroCT data (blue line) of 5 human cochleae.
Ex Vivo Validation Study
Specimen Preparation and Preoperative Imaging
Five human cadaver heads (n = 10 temporal bones) ﬁxed with 20%
zinc chloride intra-arterial injection were used in this study. A min-
imally invasive access to the tympanic cavity was drilled with a
purpose-built robotic system developed in Bern [118]. The system
uses bone-anchored ﬁducial titanium screws for patient-to-image reg-
istration [120]. All experimental parts of the study (i.e., intervention
planning, drilling, and array insertion) were performed in a labora-
tory of the University Hospital of Montpellier, France. High res-
olution CBCT scans (NewTom 5G, QR S.r.l, Verona, Italy) were
acquired (voxel size: 125 m isotropic, 110 kVp, 19 mA). For intra-
operative endoscopic examination of the surgical procedure through
the external auditory canal (EAC), the tympanic membrane was re-
moved in all specimens.
Surgical Intervention Planning
The computed cochleostomy targets and trajectories, as well as the
surface model of the cochlea, were imported into a dedicated surgical
planning software [119]. The software allows the user to manually
choose the drill/insertion trajectory based on the distances to critical
structures in the temporal bone (i.e., facial nerve, chorda tympani,
posterior wall of the EAC, and the ossicles) and in relation to the
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computed ideal trajectory. In practice, the user deﬁnes a cochleo-
stomy site (C) and then adjusts the drill trajectory to minimize the
deviation from the ideal. Two angular measures were introduced to
facilitate this process [144]. First, the out of plane component is de-
scribed by the angle . Second, the in-plane alignment is given by
the angle " as seen in Figure 2.4. Negative  and " values should
be avoided as this indicates a collision with the basilar membrane
and the modiolus, respectively. The ﬁnal plan and alignment of the
trajectory were performed by an experienced otolaryngologist with
the goal of minimizing  and ".
DCA Drilling and Cochleostomy
The DCA tunnel was drilled using the same protocol published pre-
viously [118]. The DCA was drilled by the robot using a custom step
drill having a proximal diameter of 2.5 mm with a length of 20 mm
and distal portion with a diameter of 1.8 mm and a length of 10 mm
to the tip. The drill motor was started (5,000 rpm) and the robot
drilled with a feed rate of 0.5 mm/s using a pecking motion until
the middle ear cavity was reached. A cochleostomy was then drilled
(1 mm diamond burr) using the robot system. The drill speed was
increased to 10,000 rpm, and the feed rate was reduced to 0.1 mm/s.
Fig. 2.4. Intervention planning for minimally invasive CI surgery in a dedicated
software tool [119]. Visualization of the segmented posterior wall of the EAC, the
facial nerve (FN), the chorda tympani (ChT), the ossicles (OS), and the bony
labyrinth (L). The planned trajectory (Tr) and the ideal trajectory as computed
by the algorithm (broken-dotted line) are shown. a Planning situation from an
inferior view; the angle  describes the oﬀset between the planned trajectory and
the ideal trajectory with respect to the basal turn of the cochlea for a given
cochleostomy target. Note that the ideal trajectory is running through the facial
nerve. b The same plan as seen from an anterior view; the oﬀset between the
planned and the computed ideal trajectory in the basal turn plane is described
by the angle ".
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Electrode Array Insertion
Electrode array insertion was performed by 2 experienced otolaryngol-
ogists using the same protocol. Ten free-ﬁtting electrode arrays (Med-
El Flex28, 28 mm array length) were used for the experiments. The
DCA tunnel was cleaned using irrigation and aspiration via the EAC.
Hyaluronic acid was injected into a custom insertion tool (which pro-
vides alignment to the cochleostomy) for lubrication. Next, the elec-
trode arrays were carefully straightened and slowly introduced into
the tool lumen and the progression into the cochlea was observed
with a 4 mm 30 degree endoscope through the EAC. Advancement
of the electrode array was stopped at the point of ﬁrst resistance.
After completion of the insertion, the electrode arrays were ﬁxed us-
ing sutures to prohibit movement during subsequent handling phases.
During the experiments, the insertion time and tactile feedback of the
insertion were recorded.
Postoperative Imaging and Data Analysis
Postoperative scans were acquired using the same protocol as in the
preoperative phase with and without the implanted electrode arrays.
The pre/postoperative datasets were registered by aligning the sur-
faces of the implanted ﬁducial screws (Amira 5). The accuracy of the
drilled DCA tunnel was assessed by comparing the segmented tun-
nel position with the planned trajectory as previously reported [118].
The drilled trajectory target error, alignment (angles  and "), the
actual cochleostomy position (C), the implanted scala, the angular
insertion depth, and the number of intracochlear contacts were as-
sessed. Furthermore, 3D visualizations were generated for additional
evaluation.
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2.4 Results
Cochleostomy/Trajectory Computation and Planning
The preoperative imaging resolution and quality were suﬃcient for
the identiﬁcation of the speciﬁed landmarks and for the segmentation
of the bony labyrinth. The presented script generated cochleostomy
targets at positions inferior to the RW membrane. Visual inspection
of the image data showed eﬀective alignment of the computed trajec-
tories with the basal turn. Preprocessing, including landmark iden-
tiﬁcation, bony labyrinth segmentation, and computation of cochleo-
stomy targets and trajectories, took approximately 15 min on average
for each case. In all cases, the output of the script was used for sub-
sequent trajectory planning. Due to a narrow facial recess, it was
planned to sacriﬁce the chorda tympani in 3 cases (see Table 2.1).
Table 2.1. Summary of cochleostomy target and drill trajectory planning details.
1R 1L 2R 2L 3R 3L 4R 4L 5R 5L
Distance to critical structures
Facial nerve, mm 0.37 0.44 0.32 0.37 0.43 0.37 0.38 0.38 0.36 0.39
Chorda tympani, mm 0.00 0.12 0.00 0.00 0.53 0.22 1.18 1.17 0.33 0.37
EAC posterior wall, mm 0.90 0.55 0.45 0.45 1.85 1.60 2.34 1.89 0.62 0.90
Incus/Malleus, mm 2.36 2.60 3.02 2.64 2.95 2.78 3.11 2.55 2.88 3.01
Stapes, mm 0.62 0.65 0.68 0.77 0.65 0.80 0.69 0.74 0.58 0.51
Trajectory alignment
Sacriﬁced chorda tympani yes no yes yes no no no no no no
Out of plane angle , ° 12 8 7 11 15 12 12 11 14 10
In-plane angle ", ° 0 0 0 0 1 0 0 1 1 7
Cochleostomy position C, ° 10 12 12 12 4 8 12 12 4 4
1R/L to 5R/L are specimen identiﬁcation numbers. See Fig. 2.4 for the alignment angles  and ",
and Fig. 2.2 for the cochleostomy position angle C.
DCA Drilling and Cochleostomy
Robotic DCA tunnel and cochleostomy drilling were feasible in ev-
ery case (Fig. 2.5e). The accuracy at the cochleostomy target was
measured at 0.30 ± 0.23 mm with a range of 0.05 to 0.79 mm. Four
cases had broken screws which likely caused some degree of error in
the registration process. In 2 of these cases a target error bigger than
0.35 mm occurred (Table 2.2). The target error was orientated an-
teriorly and posteriorly in specimens 1L and 1R, respectively. This
caused penetration of the EAC posterior bony wall in specimen 1L
and a close passage of the facial nerve in specimen 1R. As expected,
the chorda tympani was damaged in specimens 2L and 2R.
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Table 2.2. DCA target accuracy and insertion results.
1R 1L 2R 2L 3R 3L 4R 4L 5R 5L
Broken registration screws yes yes no no yes no no no no yes
Target accuracy, mm 0.60 0.79 0.15 0.07 0.33 0.05 0.24 0.28 0.22 0.27
Insertion time, min 5 5 2 5 2 5 7 5 4 5
Intracochlear contacts 10 8 8 7 11 12 9 8 12 11
Angular insertion depth, ° 330 270 300 210 360 420 360 290 350 300
Implanted scala ST SV ST ST ST ST ST ST ST ST
1R/L to 5R/L are specimen identiﬁcation numbers.
Fig. 2.5. 3D virtual view of the promontory and corresponding endoscopic photo
documentation during cochleostomy drilling and array insertion in specimen 2R.
The facial nerve (FN), the stapes (St), the long process of the incus (In), and the
malleus (Ma) provide orientation landmarks. a The planned trajectory (Tr) and
the computed ideal trajectory (IdTr) are shown. The cochleostomy (dotted semi-
circle) is aimed at drilling through the RW bony overhang (black star). b View
of the promontory after cochleostomy and the corresponding drilled trajectory
(DrTr). c Transparent view of the promontory after the insertion of the electrode
array (EA). The cochlea (Co) and the centroid line as computed by the algorithm
(arrow) are shown. d The promontory prior to cochleostomy drilling (dotted semi-
circle) at the RW bony overhang (black star). e Cochleostomy drilling with a 1
mm diamond burr (D). f The promontory with cochleostomy (arrow). g After
insertion of the electrode array (EA).
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Electrode Array Insertion
Endoscopic examination demonstrated correct alignment of the drilled
DCA tunnel and insertion tool with the cochleostomy (Fig. 2.5f).
Manual electrode array insertion was feasible in all cases (Fig. 2.5g).
Full insertion as indicated by the mark on the electrode array was
achieved in 2 of 10 cases with an average angular insertion depth of
319 degrees (Table 2.2). The total insertion procedure took 5 min on
average. Postoperative radiological examination showed 9 of 10 cases
of complete placement into ST and 1 case of SV insertion caused by
a drilling target error of 0.79 mm (Fig. 2.6).
Fig. 2.6. Radiological evaluation of the insertion outcome in axial CBCT slices.
a Left cochlea with SV insertion caused by a target drilling error of 0.79 mm
orientated anteriorly (specimen 1L). b Complete ST insertion in a left cochlea
(specimen 4L).
36 Chapter 2. CI Insertion Planning
2.5 Discussion
This study investigates the applicability of a landmark based algo-
rithm for patient-speciﬁc cochleostomy target and insertion trajec-
tory computation. In the presented method, the lack of visualization
of intracochlear structures in clinical computed tomography images
is compensated for by the assumption that the basilar membrane
position can be approximated based on speciﬁc landmark positions.
These landmarks are easily identiﬁed and are based on a recognized
scheme for cochlear visualization [87, 92, 96, 142, 145]. Furthermore,
the landmarks enable the straight forward creation of a local cochlear
coordinate system which has utility in the described planning method,
as well as for other purposes (e.g., estimation of the cochlear size).
The algorithm computes cochleostomy targets starting from the
RW and extending inferiorly along the promontory. The cochleo-
stomy target positions match reports of previous histological and
clinical studies [100]. Most of the chosen cochleostomy targets (C)
resulted in a RW related cochleostomy (Fig. 2.5).Using the presented
approach, complete ST insertions were accomplished in 9 of 10 cases.
In case 1L a SV insertion occurred due to an unusually large reg-
istration error, which caused an overall drilling error of 0.79 mm.
Thus, although the planned trajectory intersected the ST, the drilled
position deviated toward the SV.
In this study, as compared to previous tests with the robot system,
a new self-drilling screw was implemented with the aim of a simpler
and more straightforward procedure. The tips of these screws, how-
ever, were susceptible to breakage. The localization of the screws
in the image data relies on an automatic ﬁtting algorithm based on
the shape of the screw. Thus, in cases where the tip of the screw is
broken, the algorithm returns an incorrect position. The occurrence
of broken screws was present in 4 samples, but a manual correction
of the screw position was able to compensate for the bias in the auto-
matic algorithm. Postoperative evaluation of the registration points
revealed localization errors in the range of 0.20–0.50 mm in cases
1R and 1L. Thus, it is very probable that these broken screws were
the cause of the high drilling error (0.60 and 0.79 mm) which had
not occurred up till now in our collective experience with drilling ap-
proximately 30 specimens. Investigations are currently underway to
ﬁnd more robust self-drilling screws which are compatible with our
workﬂow.
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Postoperative radiographic assessment showed that the calculated
ideal insertion trajectories were eﬀectively aligned with the basal ST.
Optimal insertion trajectories passed closely or intersected the facial
nerve in all cases. This result closely corroborates those previously re-
ported in a study using MicroCT data of human temporal bones [74].
Therefore, minimization of the angular deviation  of the planned tra-
jectory was mainly restricted by the position of the facial nerve. The
average angular insertion depth in this study was observed to be sig-
niﬁcantly lower as in the previous experiments (319 degrees compared
to 606 degrees) [144]. The main diﬀerence between the 2 studies is
the ﬁxation method (Sucquet versus Thiel), which is hypothesized to
be the major factor that impeded higher insertion depths.
The segmentation of the bony labyrinth represents a crucial step
in the presented algorithm. Therefore, errors introduced in this step
may have an impact on the computation outcome. One outcome
which may occur in case of over segmentation is that the cochleo-
stomy drill would stop short of the endosteum. On the other hand,
an under segmentation could possibly cause intracochlear trauma
due to a zealous penetration of the cochlea. In this context, the ap-
plication of additional information gained during the cochleostomy
drilling (i.e., force and torque data) could be used to control the
drilling depth to stop exactly at the endosteum. Moreover, it is clear
that malformations in the basal region of the cochlea (e.g., basal
turn ossiﬁcation) have a strong impact on the computation routines
used and are not compatible with the algorithm. Nevertheless, it
is assumed that anatomical variations of the RW niche (e.g., an ex-
tremely narrow RW) do not inﬂuence the computation outcome as
long as the RW landmark can be clearly identiﬁed [139].
2.6 Conclusions
This study shows that the landmark based approach is a valuable
alternative for ST cochleostomy target and insertion trajectory plan-
ning in clinical imaging modalities. Although the script utilizes a
manual landmark selection and a manual segmentation of the cochlea,
targets can be planned in reasonable time (15 min). However, the
automation of the manual segmentation process is the next step to
signiﬁcantly reduce time. Further, the presented cochleostomy ap-
proach is currently being evaluated using perimodiolar electrode ar-
rays.
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MANUAL ARRAY INSERTION FOR MINIMALLY
INVASIVE COCHLEAR IMPLANTATION
This chapter is published as:
Wimmer W, Bell B, Huth ME, Weisstanner C, Gerber
N, Kompis M, Weber S, Caversaccio M. Cone beam and
micro-computed tomography validation of manual array
insertion for minimally invasive cochlear implantation.
Audiol Neurotol 2014;19:22-30.
The concept of an insertion method applicable for a min-
imally invasive robotic approach is described. The proce-
dure is tested in a cadaver model and evaluated by means
of postoperative radiological imaging. The results sug-
gest that the proposed insertion procedure is feasible and
eﬀective and can be applied for the minimally invasive
implantation approach.
39
40 Chapter 3. Minimally Invasive CI Insertion
3.1 Abstract
Delivering CIs through a minimally invasive tunnel (1.8 mm in diam-
eter) from the mastoid surface to the inner ear is referred to as DCA.
Based on CBCT as well as MicroCT imaging, this in vitro study eval-
uates the feasibility and eﬃcacy of manual cochlear electrode array
insertions via DCA. Free-ﬁtting electrode arrays were inserted in 8
temporal bone specimens with previously drilled DCA tunnels. The
insertion depth angle, procedural time, tunnel alignment, as well as
the inserted scala and intracochlear trauma were assessed. Seven
of the 8 insertions were full insertions, with insertion depth angles
higher than 520 degrees. Three cases of atraumatic ST insertion, 3
cases of probable basilar membrane rupture and 1 case of dislocation
into the SV were observed (1 specimen was damaged during extrac-
tion). Manual electrode array insertion following a DCA procedure
seems to be feasible and safe and is a further step toward clinical
application of image-guided otological microsurgery.
Introduction 41
3.2 Introduction
Since the inception of CIs, the facial recess approach has become the
standard surgical technique to access the tympanic cavity and the
cochlea. Currently, safe implant insertion through the facial recess
generally requires a substantial mastoidectomy. Though the facial re-
cess approach has remained largely unaltered, steps have been made
toward reduced invasiveness (e.g. through the introduction of small
incisions or microendoscopic procedures [77]). Furthermore, alterna-
tive surgical approaches utilizing the EAC to pass the CI electrode
array into the tympanic cavity have been proposed. For example,
the suprameatal, transcanal or pericanal approaches have drawbacks
such as a steepened insertion angle, leading to a higher risk of elec-
trode array kinking or damage to intracochlear structures [75]. Fur-
ther, the risk of inﬂammation or infection of the EAC skin, and of
consecutive electrode array extrusion, is increased.
Conversely, several methods of achieving a minimally invasive pos-
terior tympanotomy or DCA have been proposed. These methods
aim to avoid wide mastoidectomies while at the same time targeting
the cochlea, for instance at the RW, at an optimal geometric angle
relative to the basal turn. In this context, patient-speciﬁc stereotac-
tic templates [146, 147] and skull-mounted [115, 116] or more con-
ventional image-guided robotic approaches [113, 114] have been pre-
sented. Our group recently demonstrated that a DCA tunnel (1.8
mm in diameter) could be drilled with a targeting accuracy of 0.15
 0.08 mm using an image-guided robotic system [118]. As opposed
to an electrode array insertion through a conventional mastoidec-
tomy under direct visual feedback using standardized insertion tools,
an insertion through small tunnel holes is more demanding due to
restricted access for visual inspection and maneuvering of the elec-
trode array. Thus, speciﬁc insertion tools, for both automatic and
manual insertion, have been proposed [148, 149]. However, to our
knowledge, no clinical data have been published on the eﬀectiveness
of such insertion tools.
Therefore, this study investigates the feasibility and eﬃcacy of
manually inserting a free-ﬁtting CI electrode array through a mini-
mally invasive DCA tunnel. We hypothesize that the electrode array
can be threaded through the DCA tunnel and advanced into the
cochlea utilizing common otological surgical instrumentation. The
eﬃcacy of the insertion is assessed by postoperative radiological eval-
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uation of the implant position, the insertion depth angle and the
alignment of the DCA trajectory using CBCT. Further, the extent of
intracochlear trauma is evaluated by means of MicroCT imaging.
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3.3 Materials and Methods
Surgical Preparation
As specimens, 4 Thiel-ﬁxed human cadaver heads (n = 8 temporal
bones) were used in this study [150]. Preceding the actual insertion
experiment, 1.8 mm diameter DCA tunnels were drilled in each tem-
poral bone of the specimens, using an image-guided robotic approach
[118]. In short, titanium screws were placed in each temporal bone of
the specimens to establish ﬁducial landmarks. Then, the specimens
underwent CBCT imaging to permit trajectory planning [119] and
high-accuracy patient-to-image registration [120]. Ultimately, the
robotic system drilled a DCA tunnel from the surface of the mastoid
bone through the facial recess to the center of the RW, as deﬁned in
the preoperative plan (Fig. 3.1).
Fig. 3.1. Image-guided robotic system for DCA consisting of a high-accuracy
optical tracking camera (1), robotic arm (2), surgical drill (3) and noninvasive
head clamp (4).
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The insertion study was carried out by ﬁrst creating a conven-
tional tympanomeatal ﬂap through a retroauricular incision in order
to provide access to and visibility of the cochlea promontory and
the RW niche. Under microscopic view, the correct alignment of the
DCA target relative to the RW was conﬁrmed using an otological
microneedle. The RW membrane was visualized by removing the
bony overhang of the subiculum with a 1-mm otological Skeeter drill
(Medtronic Xomed, USA). Bone dust was removed from the DCA tun-
nel and the promontory with saline irrigation and aspiration (1-mm
suction tube). Additionally, a 1-mm-diameter sialendoscope (Karl
Storz, Tuttlingen, Germany) was inserted into the DCA tunnel for
further supervision (specimens 1R and 1L).
Electrode Array Insertion
Four standard electrode arrays (31.5 mm, 24 platinum contacts) and
4 Flex28 electrode arrays (28 mm, 19 platinum contacts) with free-
ﬁtting behavior were provided by the Med-El Corporation (Innsbruck,
Austria). Electrode array insertion was performed manually, using
CI temporal bone kit insertion instruments (Med-El Corporation)
and an otological microneedle. The electrode arrays were inserted
via the DCA tunnel through the RW into the ST. Advancement of
the electrode array was stopped as soon as an insertion resistance
was detected. Total insertion duration was deﬁned as the time be-
tween the start of the retroauricular incision for the tympanomeatal
ﬂap and completion of the array insertion. The middle ear struc-
tures were inspected during preparation and after insertion. Finally,
the proximal end of the electrode array was ﬁxed in the EAC using
packing material in order to avoid dislocation during temporal bone
extraction.
Imaging
For CBCT and MicroCT imaging, the temporal bones including the
implanted electrode arrays as well as 3 titanium ﬁducial screws were
excised from the heads using an oscillating saw. The specimens
were trimmed to ﬁt into a 36-mm-diameter specimen holder for Mi-
croCT imaging. Then, high resolution CBCT scans (ProMax 3D
Max; Planmeca, Helsinki, Finland) were performed (voxel size: 150
m isotropic; 90 kVp; 8 mA). The electrode array, the semicircular
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Fig. 3.2. Implanted electrode array, semicircular canals and vestibule segmented
from CBCT data for insertion depth angle measurements. C = Center of electrode
spiral. a The RW reference point is deﬁned by the crossing of the implanted
electrode array with an imaginary reference line (LRef) from the apex of the
superior semicircular canal (S-SCC) through the center of the vestibule (V). b
Same view, but superimposed onto a CBCT slice through the basal turn. The
insertion depth angle () is deﬁned as the angle between L1 and L2, where L1
is a line through the center of the electrode spiral (C) (perpendicular to LRef)
and L2 is the extrapolation of an imaginary line from C through the tip of the
electrode array.
canals and the vestibule were segmented using Amira 5 visualization
software (VSG, Burlington, Mass., USA). The insertion depth angle
() of each implanted array was measured as described in Xu et al.
[151] (Fig. 3.2). Furthermore, the DCA tunnel orientation with re-
spect to both the basal cochlear turn (angle ) and the direction of
the electrode array in the RW (angle ") was assessed (Fig. 3.3). The
CBCT scans were evaluated by an otolaryngologist and a neuroradi-
ologist in order to determine the number of intracochlear contacts,
the presence of array kinking and the intracochlear position of the
electrode array with regard to the ST, scala media (SM) or SV in the
basal, medial and apical turns of the cochlea. Complete placement
of the electrode array with all contacts in the ST was considered a
full insertion.
The samples were additionally scanned with a MicroCT device
(CT 40; SCANCO Medical AG, Brüttisellen, Switzerland) set at
70 kVp tube potential and 114 A tube current. The dimensions of
our samples limited the resolution of the scans to an isotropic voxel
size of 18 m. The electrode array was segmented and coregistered
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Fig. 3.3. DCA tunnel alignment described by the angles  and ", measured using
CBCT scanning. a Axial view of the segmented electrode array implanted on the
left side. The angle  is measured between the axis of the DCA trajectory and
the plane of the basal cochlear turn. b Coronal view of the cochlea and projected
trajectory plane. The RW entry angle (") describes the deﬂection of the electrode
array in the hook region of the basal turn and is measured between the axis of
the DCA trajectory and the tangent of the electrode array in the center of the
RW.
with the CBCT data using a surface alignment algorithm in Amira 5.
After registration, the results found from the CBCT validation were
compared and the intracochlear trauma was assessed by a neuroradi-
ologist. For further visualization, MicroCT data was rendered as 3D
volume model.
Results 47
3.4 Results
Surgery/Electrode Array Insertion
The electrodes were manually inserted through the DCA tunnel into
the cochlea via the RW. Manipulation and control of the insertion
process was performed using common otological surgical instrumenta-
tion through the tympanomeatal ﬂap. Insertion was achieved without
explicit diﬃculties in all 8 temporal bones. After the tympanomeatal
ﬂap was elevated, the RW niche was completely visible in 6 of the
8 specimens. In 2 specimens (2R/2L; Table 3.1) about 1 mm of the
EAC posterior wall was removed to adequately expose the RW niche
(Fig. 3.4). Congruency between the end of the DCA trajectory and
the center of the RW as a target of the preceding study was conﬁrmed
in all cases.
Fig. 3.4. Microscopic view of the tympanic cavity through the EAC during
insertion in 2 diﬀerent specimens. a The electrode array carrier (1) is manually
advanced through the DCA tunnel (2) into the cochlea via the RW (3). To in-
crease the visibility of the RW opening, approximately 1 mm of the EAC posterior
wall was removed (4). The chorda tympani (5) and a ﬁducial screw (6) provide
orientation marks. Specimen 2L. b The electrode array (1) is inserted into the
RW and advanced when necessary using microforceps (7). The long process of
the incus (8) provides an orientation landmark. Specimen 3L.
After insertion, no damage to the ossicles or the chorda tympani
was observed. In 5 cases, the tip of the array had to be guided to the
RW opening using a microforceps/-needle. Further advancement of
the electrode array after introduction into the cochlea was possible
48 Chapter 3. Minimally Invasive CI Insertion
without using instrumentation in 4 specimens (Table 3.1). Seven
of 8 insertions were full insertions, where further advancement was
prevented by the silicone marker ring of the standard array or the
increased diameter of the Flex28 array, respectively. In 1 case, 2 pairs
of contacts were visible outside the cochlea when the ﬁrst point of
resistance was reached (specimen 3R; Fig. 3.5c). The average total
duration for the insertion procedure was found to be about 35 min,
excluding the time required for DCA drilling. An improvement of
the absolute duration of the insertion procedure was observed over
time (Table 3.1). A movie of the manual insertion process is provided
as online supplementary video 1 (for all online suppl. material, see
www.karger.com/doi/10.1159/000356165).
Imaging
The cochlea of specimen 1R was damaged during preparation, mak-
ing only 7 temporal bones available for further evaluation. CBCT
assessment demonstrated 3 cases of complete ST implantation (Fig.
3.6a). In the medial turn of specimens 1L, 2R and 3R, the electrode
array was found to be in an intermediate position at the lateral wall
without clear assignability to either the ST or SM (Fig. 3.5a). CBCT
imaging showed smooth electrode array ascension and excluded any
kinking. In the basal turn of specimen 4L, the basilar membrane was
perforated and the array demonstrated a shift from the ST into the
SV and back (Table 3.1; Fig. 3.7a). Three experiments conducted
with the shorter Flex28 array (28 mm length vs. 31.5 mm in the stan-
dard array) led to an overinsertion by 30 to 80 degrees (specimens
2L, 4L and 4R; Table 3.1; Fig. 3.7c).
Evaluation of the MicroCT images conﬁrmed the CBCT ﬁndings
(Table 3.1). Again, the electrode array of specimens 1L, 2R and 3R
could not be clearly assigned to either the ST or the SM due to an
intermediate position at the lateral wall in the medial turn of the
cochlea (Fig. 3.5b). The basilar membrane could be clearly iden-
tiﬁed in 6 of the 7 imaged cases; however, identiﬁcation was not
possible in specimen 2R. Electrode array displacement into the SV
was conﬁrmed for specimen 4L (Fig. 3.7b). MicroCT data permitted
3D rendering of the implanted specimens (Fig. 3.8). However, the
3D rendering to this point has provided no further insight into visu-
alization of the basilar membrane (specimen 2R) or determination of
the exact location of the intermediately positioned electrode arrays.
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Fig. 3.5. Postoperative scans of the right cochlea with a partially inserted
standard array in an intermediate position between the ST and SM (specimen
3R). Two pairs of electrode contacts are visible outside the cochlea. a Transversal
CBCT image. b Corresponding MicroCT scan. c Coronal CBCT slice of the
cochlear basal turn and projected DCA trajectory plane. Electrode array contacts
present in the medial turn of the cochlea are overlaid.
Fig. 3.6. Postoperative scans of the left cochlea, demonstrating atraumatic
ST insertion of a Flex28 array (specimen 3L). a Transversal CBCT image. b
Corresponding MicroCT scan. c Coronal CBCT slice of the cochlear basal turn
and projected DCA trajectory plane. Electrode array contacts present in the
medial turn of the cochlea are overlaid.
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Fig. 3.7. Postoperative scans of the left cochlea with overinserted Flex28 array
and basilar membrane rupture caused by dislocation of the array into the SV in
the medial cochlear turn (specimen 4L). a Transversal CBCT image. b Corre-
sponding MicroCT scan. c Coronal CBCT slice of the cochlear basal turn and
projected DCA trajectory plane. Electrode array contacts present in the medial
turn of the cochlea are overlaid.
Fig. 3.8. 3D MicroCT data rendering of specimen 2L. a Magniﬁed view of
the tympanic cavity and the proximal portion of the EAC, showing the malleus
(MA), incus (IN) and stapes (ST), as well as the electrode array (EA) entering
through the RW. b Coronal view of the same specimen, demonstrating the course
of the implanted EA through the DCA tunnel and the RW into the cochlea. An
animated version of the 3D model is provided as online supplementary video 2.
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3.5 Discussion
This study investigated the feasibility and eﬃcacy of inserting a free-
ﬁtting CI electrode array through a minimally invasive DCA tunnel.
The hypothesis that a complete array insertion through the DCA tun-
nel can be successfully performed utilizing common otological instru-
mentation was conﬁrmed. The implanted electrode array position
and DCA tunnel alignment were evaluated on postoperative CBCT
images, and corresponding MicroCT data permitted assessment of
intracochlear insertion trauma.
To our knowledge this is the ﬁrst report of a CI insertion study
conducted on Thiel embalmed specimens. This conservation tech-
nique is considered to realistically reproduce the color, mobility and
ﬂexibility of tissues in intraoperative situations and to oﬀer excellent
conditions for the training of surgical procedures in otology [153].
Negative aspects of the Thiel ﬁxation are bad conservation of organs
like the brain or bone marrow and the gelatinous texture of certain
soft tissues (e.g. cartilage) [154]. Generally, MicroCT assessment
showed good preservation of intracochlear structures. In 1 case the
basilar membrane was not visible (specimen 2R). However, because
the course of the electrode array implies the presence of a basilar mem-
brane, we assume that this was caused by imaging artifacts. Further,
we experienced little resistance during insertion, which may be re-
lated to the ﬁxation method and explain the deep insertions achieved
in this study. Therefore, we suggest further histological analysis to
verify the applicability of the Thiel ﬁxation method.
A tympanomeatal ﬂap (routine for tympanic cavity access) as
performed in this study is an additional step not common to the nor-
mal facial recess approach. Thus, the application of a tympanomeatal
ﬂap increases the risk of tympanic membrane perforation, subsequent
electrode array exposure and middle/inner ear infections as compared
with the standard approach. In this work, the tympanomeatal ﬂap
approach provided suﬃcient visual exposure to perform microscopic
procedures such as cochleostomy drilling and sealing. The creation
of the tympanomeatal ﬂap accounts for an additional time of 15 min-
utes when compared with conventional insertion. Additionally, the
tympanomeatal ﬂap could be elevated prior to and for supervision of
the tunnel drilling. Microscopic inspection and probing with an oto-
logical microneedle allows for suﬃcient evaluation of the DCA tunnel
target alignment with the RW niche. An alternative method might
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be direct endoscopic inspection and evaluation of DCA tunnel target
alignment. Due to the suboptimal resolution of the sialendoscope,
microscopic inspection was preferred in this study.
Previous studies have reported on the clinical applicability of
CBCT petrous bone imaging for postoperative assessment of CI array
positions. CBCT imaging is favorable due to its submillimeter spa-
tial resolution and fast acquisition time (<20 s). Furthermore, CBCT
has a reduced radiation exposure compared with conventional mul-
tislice CT imaging [155, 156]. The imaging resolution is, however,
insuﬃcient for the assessment of intracochlear trauma, and the radi-
ologically measured electrode array diameter is exaggerated due to
imaging artifacts [157]. We observed that the CBCT scans provided
suﬃcient image resolution and quality for the estimation of the im-
planted scala in all cases imaged (Table 3.1). However, in 3 cases the
electrode array was observed to be in the region of the SM (specimens
1L, 2R and 3R, all standard arrays; Fig. 3.5a). This intermediate
position of the array, also described in Teymouri et al. [158], may
refer to either a basilar membrane elevation with the array still be-
ing present in the ST or even a perforation with a shift into the SM.
CBCT evaluation demonstrated that the DCA tunnel was not fully
aligned with the basal turn of the cochlea in any specimen (angle ;
Table 3.1). While an optimized alignment may contribute to a re-
duction in insertion trauma, the results of this study do not suggest
a correlation between trauma and the out-of-plane () or in-plane
(") components of the insertion angle. In many cases, the positions
of structures of the facial recess, and a RW approach, will certainly
limit an optimized insertion angle (minimization of  and "). Like-
wise, more optimal insertion angles could be achieved in some cases
by abandoning the RW insertion in favor of a cochleostomy, which
may lead to a reduction in insertion force, as proposed in Meshik
et al. [74]. A strict RW insertion approach combined with the use of
free-ﬁtting electrode arrays resulted in bending at the RW entrance
and the hook region of the basal turn of the cochlea, mainly in spec-
imens 2R, 2L, 4R and 4L (Fig. 3.7c). Interestingly, this bending did
not seem to cause additional trauma and the electrode insertion was
perceived as smooth.
In this study, MicroCT scans were obtained to overcome afore-
mentioned limitations of CBCT imaging and to assess intracochlear
trauma. MicroCT may provide suﬃcient spatial resolution to display
intracochlear membranous structures, but it is limited to in vitro ex-
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aminations of small samples. Overall, the ﬁndings of the MicroCT
evaluation matched the outcome of the CBCT investigation. Assess-
ment of the MicroCT data conﬁrmed 3 cases to be atraumatic ST
insertions (specimens 2L, 3L and 4R, all Flex28 arrays; Fig. 3.6b).
The image quality was not suﬃcient to resolve the diﬀerence between
displacement and perforation and to estimate the exact intracochlear
position of the electrode arrays in the intermediate position. There-
fore, the intracochlear insertion trauma should be interpreted with
caution and deﬁnitive evidence of atraumatic insertion cannot be ob-
tained without further histological analysis of specimens 1L, 2R and
3R. The extent of intracochlear trauma was similar when compared
with the results of previous temporal bone insertion studies with free-
ﬁtting electrode arrays (array length  25 mm) [45, 101, 138]. These
studies report 25-27% of cases exhibiting basilar membrane/spiral
ligament displacement or perforation, 0-9% of cases with dislocation
of the array into the SV and 5-33% of cases with modiolus/osseous
spiral lamina fracture compared with 43, 14 and 0%, respectively, in
this study. In this work, deep insertions were achieved with nearly all
arrays inserted more than one and a half turns (  540°; Table 3.1).
The mean insertion depth angle of 606 degrees by far exceeds the val-
ues estimated in the studies reviewed (325-461 degrees). Nevertheless,
a similar percentage of atraumatic insertion cases (43% compared
with 33-59% reported in the literature) was found. Considering a
hypothetical functionality of intracochlear contacts in specimens 2R
and 3R, the electrodes near the RW would most probably provide no
contribution to cochlear stimulation (Fig. 3.6c).
In conclusion, manual electrode array insertion following a min-
imally invasive mastoidectomy with supervision through a tympa-
nomeatal ﬂap is feasible and eﬀective. In regard to electrode array
insertion and imaging quality, Thiel-ﬁxed temporal bones appear to
be an adequate model for cochlear electrode insertion studies. The
insertion depths achieved by this method were greater than those
in the literature and should be considered when aiming for residual
hearing preservation. Regarding trauma assessment, the approach
presented cannot be truly compared with the current gold standard
(conventional facial recess approach), although this may be achiev-
able with further research into patient-speciﬁc insertion angle op-
timization. However, exclusively free-ﬁtting electrode arrays were
investigated in this study in a RW approach, and similar insertion
investigations will be required in order to evaluate the nuances of
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cochleostomy access and perimodiolar arrays with associated inser-
tion tools.
The implantation technique presented must be considered within
the context of the associated clinical workﬂow required for minimally
invasive robotic CI surgery. Based on the results of a previous in
vitro study [118] and currently undergoing investigations within the
clinical environment, a total procedural time of about 2 hours is
estimated for minimally invasive robotic cochlear implantation. Pre-
operative steps are ﬁducial screw implantation under local anesthe-
sia (20 min), preoperative CBCT imaging (10 min) and subsequent
trajectory planning (15 min). An intraoperative time of about 75
minutes is aimed for in the ﬁnal state of the workﬂow, consisting of
robotic system setup (15 min), patient preparation and registration
(20 min), DCA drilling (5 min) and the implantation procedure pre-
sented in this study (35 min). The implant receiver can be ﬁxed using
any favored conventional technique including milling an implant bed
and/or tie-down of the implant body. The electrode array can be
inspected intraoperatively via the tympanomeatal ﬂap, such as in
case of acute implant failure. Likewise, management of cerebrospinal
ﬂuid gushers can be achieved through the tympanomeatal ﬂap, for
example using soft tissue packing (gelfoam, fat) and ﬁbrin glue. It
has yet to be seen to what extent postoperative scar formation oc-
curs, but revisions may need to be performed under a conventional
mastoidectomy and posterior tympanotomy.
In light of a future commercialization, the question of costs and
beneﬁts associated with the DCA procedure arises. Potential beneﬁts
like reduced invasiveness, shorter intraoperative time and possibility
for outpatient treatment must be weighed against the substantial
costs of such a system, which would greatly vary in diﬀerent countries
and cannot be speciﬁed within the scope of this work.
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chapter 4
SPEECH INTELLIGIBILITY IN NOISE WITH A
SINGLE-UNIT COCHLEAR IMPLANT PROCESSOR
This chapter is published as:
Wimmer W, Caversaccio M, Kompis M. Speech intelligi-
bility in noise with a single-unit cochlear implant audio
processor. Otol Neurotol 2015; 36:1197-1202.
A novel CI audio processor that combines all parts in
a single housing is examined. The new design causes a
shift of the microphone position on the head of the CI re-
cipient. A physical and computational model are used to
investigate the inﬂuence of the microphone shift on speech
intelligibility in noise. Further, the single-unit audio pro-
cessor is evaluated in a clinical study. Both the models
and the study indicate detrimental eﬀects for speech in
noise performance caused by the microphone shift.
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4.1 Abstract
The Rondo is a single-unit CI audio processor comprising the iden-
tical components as its behind-the-ear predecessor, the Opus 2. An
interchange of the Opus 2 with the Rondo leads to a shift of the mi-
crophone position toward the back of the head. This study aimed to
investigate the inﬂuence of the Rondo wearing position on speech in-
telligibility in noise. Speech intelligibility in noise was measured in 4
spatial conﬁgurations with 12 experienced CIusers using the German
adaptive Oldenburg sentence test. A physical model and a numeri-
cal model were used to enable a comparison of the observations. No
statistically signiﬁcant diﬀerences of the speech intelligibility were
found in the situations in which the signal came from the front and
the noise came from the frontal, ipsilateral, or contralateral side. The
signal-to-noise ratio (SNR) was signiﬁcantly better with the Opus 2
in the case with the noise presented from the back (4.4 dB, p <0.001).
The diﬀerences in the SNR were signiﬁcantly worse with the Rondo
processors placed further behind the ear than closer to the ear.
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4.2 Introduction
Current behind-the-ear CI audio processors typically consist of 2 sep-
arate parts, the control unit and the transmission coil, which is con-
nected by a cable. Recently, an audio processor that combines all the
components in a single unit was introduced (Rondo; Med-El Corpora-
tion, Innsbruck, Austria). The potential advantages of the compact
design might be an increase in wearing comfort and a reduction of the
parts to be maintained. The Rondo consists of the identical electronic
components and omnidirectional microphone as its predecessor, the
Opus 2 (Med-El Corporation). Both audio processors are compatible
with the identical implants and could be interchanged while using
the same ﬁtting. The position of the microphone with respect to the
ear is diﬀerent for the 2 devices. Whereas the microphone is located
above the pinna in the Opus 2, it is located directly above the implant
receiver coil and further behind the ear when using the Rondo. Early
studies investigating bone-anchored hearing aids that are placed at a
similar retroauricular position as the Rondo suggest that a backward
shift of the hearing aid leads to compromising eﬀects for speech in
noise performance, if the noise is presented from the rear and omni-
directional settings are selected [159, 160]. It could be remarkable
and of clinical importance to measure the hearing performance with
the Rondo with respect to its wearing position.
The main goal of this investigation was to assess the speech intel-
ligibility diﬀerences between the Opus 2 and the Rondo for diﬀerent
directions of the noise incidence. A physical and a numerical model
were used to enable a comparison of the experimental results and
to help to diﬀerentiate between random variations and systematic
eﬀects.
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4.3 Materials and Methods
Participants
Twelve experienced Opus 2 users (7 female and 5 male subjects) aged
25 to 73 years (average age, 52 years) participated in the study. Ten
subjects had profound hearing loss in both ears (unaided air conduc-
tion pure-tone average, >90 dB hearing level (HL)). Two subjects
had profound hearing loss in the left ear and severe hearing loss (un-
aided air conduction pure-tone average, >70 dB HL) in the right ear.
Seven participants were tested with the audio processors worn on the
left side, and 5 were tested with the audio processors worn on the
right side. The average duration of CI usage was 8 years (range, 2-18
years). All the participants were native German speakers with an
average word recognition score of 81% (range, 70%-90%) with their
CI at 60 dB sound pressure level (SPL) in the Freiburg monosyllabic
word test [161].
Measurement Setup and CI Processor Fitting
All the experiments were conducted in a 6.0 x 4.1 x 2.2 m3 anechoic
chamber with an average, approximately frequency independent, re-
verberation time of 0.17 seconds. The subjects sat inside an array of
12 speakers (Control 1 pro; JBL Professional, Northridge, CA, USA)
located in the horizontal plane with a spacing of 30 degrees. The
speakers were placed at a distance of 1 m from the center of the sub-
ject’s head at a height of 1.2 m. The measurements were controlled
using a self-developed software. An external soundcard (US-2000;
Tascam, Montebello, CA, USA) and an audio switch box (Audiobox;
Merz Medizintechnik, Reutlingen, Germany) were used to drive the
speaker array. The measurement setup and test room comply with
the ISO 8253 series.
The Opus 2 and Rondo audio processors were programmed with
the same maps that were used by the subjects in their daily life.
Before starting the experiments, the subject’s favorite program was
selected, and the sensitivity and volume level were set equally for
both processors. The Rondo was placed on the head according to
the manufacturer’s recommendations with the microphone opening
pointing upward.
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Study Protocol
This study was designed and conducted in accordance with the Dec-
laration of Helsinki. The study protocol was approved by the local
ethical committee in Bern (KEK-BE No. 084/13). All the subjects
participated in a single session of approximately 2 hours. The speech
in noise tests were performed once with the Opus 2 and once with the
Rondo audio processor. No additional hearing aids and no earplugs
were used. The speech intelligibility in noise was assessed using the
German adaptive Oldenburg sentence test [162]. The test set consists
of 40 test lists with 30 sentences and a speech babble noise with the
same frequency spectrum as the long-term spectrum of the sentences.
The noise was presented at a ﬁxed level of 65 dB SPL, and the sen-
tence signal level was adapted to estimate 50% word understanding,
as proposed by the authors of the test. Four diﬀerent spatial set-
tings were used, as depicted schematically in Figure 4.1. The test
sentences were always presented from the front, and the noise was
presented from the front (S0N0), from the side ipsilateral to the CI
(S0NIL), from the side contralateral to the CI (S0NCL), or from the
back (S0N180). For each subject, 2 training lists were used before
the experiments, and their results were discarded. The subjects were
instructed to look straight ahead during the tests. The order of the
tested CI audio processors, spatial conﬁgurations, and test lists were
varied systematically to minimize the inﬂuence of training and fatigue
eﬀects.
Fig. 4.1. Schematic representation of the 4 spatial conﬁgurations used for the
speech in noise experiments. The settings were named according to the position
of the CI audio processor (gray cross). S = signal (white speaker); N = noise
(gray speaker); IL = ipsilateral; CL = contralateral.
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Audio Processor Position
The azimuthal position of the Rondo was measured with a laser
pointer. The Rondo was removed, and the laser pointer was mag-
netically attached above the implant receiver coil of the participants.
A measuring arc with a centimeter scale was mounted above the
speaker array. The subjects were asked to look straight ahead while
the laser beam direction was measured. Figure 4.2 illustrates the
measurement setup and the deﬁnition of the resulting azimuthal po-
sition .
Fig. 4.2. The measurement setup for the determination of the azimuthal CI
audio processor position. A laser pointer was magnetically attached above the
implanted receiver coil of the participant. The azimuthal position  could be
calculated using the distance between the center of the head and the measuring
arc (i.e., 1 m).
Modeling Speech Intelligibility in Noise
Because the speech understanding in noise was expected to vary be-
tween the subjects, the results were compared with 2 models to enable
better separation of the random and systematic variations caused by
the position of the microphone and the noise source. First, a head
and torso simulator (Type 4128; Brüel & Kjær, Närum, Denmark),
placed at the center of the test setup described previously was used
as a physical model (Model 1). The measurements were performed
with the Opus 2 positioned at OP = 95° and the Rondo positioned
between 90 and 180 degrees, in steps of 15 degrees (Fig. 4.3). As
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the stimulus, Oldenburg speech babble noise was presented at 70 dB
SPL from the same speakers used with the subjects (i.e., front, right,
left, and rear). The microphone output signals were recorded using a
microphone test device (Med-El Corporation) and an audio analyzer
(R&S UPV; Rohde & Schwarz, Germany). A 16k FFT (Hamming-
windowed, 100 averages) and a sampling rate of 48 kHz were used.
The recorded power spectral densities were ﬁltered with a moving
average ﬁlter (M = 50). For each speaker and processor position, the
spectral energy was calculated at the critical band central frequen-
cies. Analogous to the speech in noise tests with the subjects, the
improvement in the SNR was calculated as the diﬀerence between the
SNR measured with the Opus 2 and Rondo. A speech intelligibility-
weighted measure was used to correctly assign the contributions of
diﬀerent frequency bands to speech understanding [163]. The SNRs
were calculated and weighted over 21 critical bands with center fre-
quencies ranging from 150 to 8500 Hz [164].
Fig. 4.3. Illustration of the experimental setup using a head and torso simula-
tor. The Opus 2 microphone was positioned at 95 degrees, whereas the azimuthal
position of the Rondo was altered (90°    180°,  = 15°). For each conﬁgura-
tion, the microphone output was recorded with stimuli from the front, ipsilateral,
contralateral, or rear speaker.
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Second, a numerical model (Model 2) was implemented to enable
an evaluation of the inﬂuence of the azimuthal microphone position
on speech intelligibility in noise. The approach of the plane har-
monic wave diﬀraction around a rigid sphere was selected. Modeling
the human head as a rigid sphere is a useful simpliﬁcation for this
study because it allows estimation of the inﬂuence of the microphone
position without any eﬀects of the pinna. Spherical models of the
head have been shown to model the head shadow eﬀect reasonably
well [165]. The analytical formulas provided by Schwarz were used
to compute the sound pressure phasor ratios on the sphere surface at
diﬀerent azimuthal positions for an incident sound wave [166]. As in
previous studies, a head radius of 9.3 cm was assumed, and a speed
of sound of 340 m/s was selected [165, 167]. In a manner that was
similar to the experiment with the physical model, 2 separate sound
sources were superposed according to the tested spatial settings to
model the speech in noise experiments (Fig. 4.1). The improvement
in SNR was calculated (Opus 2 vs. Rondo) and weighted with regard
to the speech intelligibility, as described previously.
Data Analysis
The audiologic outcomes were assessed as improvement in the SNRs
required for 50% word understanding with the Opus 2 and the Rondo.
The 2-tailed Wilcoxon matched-pairs signed rank test was used to
compare the experimental results. The data were analyzed using the
Instat 3 software package (GraphPad, Inc., La Jolla, CA, USA).
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4.4 Results
Speech in Noise Performance
The average improvement in the SNR for each tested spatial setting
is illustrated in Figure 4.4. For the S0N0, S0NIL, and S0NCL conﬁg-
urations, the diﬀerences (average  the standard deviation) in the
speech understanding between the tested audio processors were small
(-0.1  1.6 dB, -0.8  1.2 dB, and -0.6  1.8 dB) and not statistically
signiﬁcant (p = 0.90, p = 0.08, and p = 0.15). In the S0N180 conﬁgu-
ration, the average SNR was signiﬁcantly worse (-4.4  1.7 dB, p =
0.0005) with the Rondo than with the Opus 2 processor. The results
of the speech in noise tests are summarized in Table 4.1.
Fig. 4.4. The results of the speech in noise tests displayed as improvement in
the SNR (Opus 2 vs. Rondo) required for 50% word understanding. The average
SNR improvements (thick lines) and standard deviations are shown. The levels of
statistical signiﬁcance (***p < 0.001, n.s. = not signiﬁcant) are displayed at the
bottom of the ﬁgure for each conﬁguration. The negative values denote better
speech understanding with the Opus 2. See Figure 4.1 for a representation of the
tested conﬁgurations.
Eﬀect of the Microphone Position
Figure 4.5 shows the speech in noise test results as a function of
the azimuthal position of the Rondo. The data are shown as the
improvement (i.e., diﬀerences of the results with the Opus 2 mi-
nus the Rondo) in the SNR required for 50% speech understanding.
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Table 4.1. The speech in noise results for the tested CI audio processors and
spatial conﬁgurations.
Test conﬁguration SNR Opus 2, dB SNR Rondo, dB SNR improvement, dB
(Opus 2 vs. Rondo)
S0N0 +0.6 ( 1.6) +0.7 ( 2.1) -0.1 ( 1.6)
S0NIL +2.5 ( 2.5) +3.3 ( 2.5) -0.8 ( 1.2)
S0NCL -1.7 ( 3.0) -1.1 ( 2.7) -0.6 ( 1.8)
S0N180 -0.9 ( 2.5) +3.5 ( 3.3) -4.4 ( 1.7)
The SNRs are listed as the average values ( the standard deviation).
The patient data, and the predictions of both models, are shown
for each of the 4 spatial settings. The azimuthal position of the
Rondo  ranged from 93 to 135 degrees (average, 117 degrees). There
was no statistically signiﬁcant correlation between the Rondo posi-
tion and the SNR improvement in the S0N0 (Pearson’s correlation,
r = -0.28, p = 0.38), S0NIL (r = 0.31, p = 0.33), and S0NCL (r = -0.11,
p = 0.72) settings. A statistically signiﬁcant correlation was found
in the S0N180 case (r = -0.65, p = 0.022), indicating that speech un-
derstanding becomes worse as the Rondo audio processor is situated
further to the back.
Comparison to the Physical and the Numerical Model
The predictions of the physical and the numerical model are illus-
trated in Figure 4.5. Because the signal and the noise originate from
the identical direction in the S0N0 setting, both models predict zero
diﬀerences in the SNR. The asymmetric cases, S0NIL and S0NCL, re-
veal a systematic overestimation and underestimation, respectively,
(approximately 1.5 dB) of the SNR improvement by the numerical
model. This deviation is not observable in the symmetric S0N180 case,
in which the model predictions and physical measurements agree rea-
sonably in the range of the observed Rondo positions (i.e., 90°  
 135°). The physical and the numerical model indicate a decline
of the SNR improvement with increasing distance from the ear canal
(approximately -1 dB per 10 degrees).
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Fig. 4.5. SNR improvement as a function of the azimuthal Rondo position  for
the tested conﬁgurations. Each circle represents the diﬀerence of the speech in
the noise test performances (i.e., Opus 2 minus Rondo) of 1 subject. The negative
values denote better speech understanding with the Opus 2. The measurements
of the physical model (Model 1) are represented by the black crosses. The predic-
tions of the numerical rigid sphere model (Model 2) are plotted as dashed gray
lines.
4.5 Discussion
This study investigated speech intelligibility in noise with the Opus
2 and the Rondo audio processors. There were no statistically signif-
icant diﬀerences between the devices in the S0N0, S0NIL, and S0NCL
spatial conﬁgurations. This ﬁnding conﬁrms that the audio proces-
sors are electronically identical and use the identical signal processing
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technology. We found that CI users have poorer speech intelligibility
with the Rondo in the case in which the masking noise is presented
from the back (S0N180). Because of the omnidirectional characteris-
tic of the microphone, the identical outcome might be measured in
both devices when averaging the SNR over all the directions in the
horizontal plane. Obviously, there are spatial settings in which the
Rondo would provide better hearing in noisy conditions (e.g., when
the speech is presented from the back and the noise is presented
from the front). A recent study reported no compromising eﬀects on
speech reception in noise with the Rondo [168]. The study tested CI
patients with single-sided deafness (SSD) in the S0N0 spatial conﬁgu-
ration only. We believe that the spatial test conﬁgurations selected in
our experiments oﬀer a broader range of daily situations. More realis-
tic situations could be provided with a multi-noise test setup, which
was not used in this study. Assuming system linearity, a superposi-
tion of the 4 tested spatial settings might indicate the performance
of the devices in a multi-noise situation (a worse performance with
the Rondo is assumed).
In the S0N180 situation, the subject data as well as the predic-
tions of the physical and numerical model show that speech intelli-
gibility decreases with increasing distances between the microphone
and the ear canal. This ﬁnding indicates that CI users with the re-
ceiver/stimulator implanted in positions further behind the ear are
expected to have higher diﬃculties in noisy situations when wearing
a Rondo processor. Whereas this eﬀect is visible, although partly ob-
scured by the variations of the individual SNR improvements, both
models clearly demonstrate the inﬂuence of the head shadow. It could
be expected that the implementation of multi-microphone noise re-
duction systems might be beneﬁcial in this context [169–172]. The
inﬂuence of the microphone position on the sound localization per-
formance of CI users might be of interest for further studies [173].
Overall, the tested subjects performed well in the speech in noise
experiments. We observed similar speech reception thresholds (SRTs)
(average the standard deviation, 0.6 1.6 dB) in the S0N0 situation
as in a previous study [174] with 28 unilateral CI users (0.7  1.8 dB).
The standard deviation of the test-retest diﬀerences is slightly higher
than reported in another study (1.1 dB) [175]. We hypothesize
that this ﬁnding is because of a worse than average speech perception
(speech in quiet conditions) in our participants.
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chapter 5
SPEECH INTELLIGIBILITY IN NOISE WITH A PINNA
EFFECT IMITATING COCHLEAR IMPLANT
PROCESSOR
This chapter is published as:
Wimmer W, Weder S, Caversaccio M, Kompis M. Speech
intelligibility in noise with a pinna eﬀect imitating cochlear
implant processor. Otol Neurotol 2016; 37:19-23.
The eﬀect of a directional microphone system on speech
intelligibility in noise is investigated. A new CI audio
processor with a pinna compensation algorithm is evalu-
ated in a clinical setting. The obtained results show im-
proved speech reception thresholds with the directional mi-
crophone setting and indicate that CI recipients can proﬁt
from the pinna compensation algorithm.
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5.1 Abstract
Objective: To evaluate the speech intelligibility in noise with a new
CI processor that uses a pinna eﬀect imitating directional microphone
system.
Study Design: Prospective experimental study.
Setting: Tertiary referral center.
Patients: Ten experienced, unilateral CI recipients with bilateral
severe-to-profound hearing loss.
Intervention: All participants performed speech in noise tests with
the Opus 2 processor (omnidirectional microphone mode only) and
the newer Sonnet processor (omnidirectional and directional micro-
phone mode).
Main outcome measure: The SRT in noise was measured in 4 spa-
tial settings. The test sentences were always presented from the front.
The noise was arriving either from the front (S0N0), the ipsilateral
side of the CI (S0NIL), the contralateral side of the CI (S0NCL), or
the back (S0N180).
Results: The directional mode improved the SRTs by 3.6 dB
(p < 0.01), 2.2 dB (p < 0.01), and 1.3 dB (p < 0.05) in the S0N180,
S0NIL, and S0NCL situations, when compared to the Sonnet in the
omnidirectional mode. There was no statistically signiﬁcant diﬀer-
ence in the S0N0 situation. No diﬀerences between the Opus 2 and
the Sonnet in the omnidirectional mode were observed.
Conclusions: Speech intelligibility with the Sonnet system was sta-
tistically diﬀerent to speech recognition with the Opus 2 system sug-
gesting that CI users might proﬁt from the pinna eﬀect imitating
directionality mode in noisy environments.
Introduction 73
5.2 Introduction
CIs are a well-established and eﬀective treatment for severe-to-pro-
found sensorineural hearing loss. Although CI recipients are able to
achieve high speech recognition scores in quiet surroundings, their
performance in background noise is often impaired [128, 176–178].
The limited speech understanding in noise results from many factors
such as the loss of ﬁne spectral and temporal information and the
narrow dynamic range available for electrical stimulation [36, 179].
To improve the speech in noise performance of CI users, several noise
reduction strategies using single or multiple microphones have been
implemented and evaluated in the past. Particularly directional mi-
crophones have consistently shown to ease the speech understanding
in noisy environments. In commercial CI audio processors ﬁxed and
adaptive directional microphone systems can be diﬀerentiated. Fixed
polar pattern systems provide beneﬁts through spatial ﬁltering of
sound input from deﬁned directions [36]. Previous studies have re-
ported on SRT improvements of CI users around 3-7 dB, depending
on the experimental conditions [36, 136, 170, 171, 179–182]. Even
further improvements of the SRT can be achieved with adaptive sys-
tems which are capable of steering the zero-direction towards the
noise source [35]. The speech in noise performance of CI recipients
using adaptive systems was tested in several studies and showed SRT
improvements between approximately 5 and 15 dB [169–172, 180, 181,
183, 184].
Recently, a new behind-the-ear processor with a dual microphone
noise reduction system (Sonnet, Med-El Corporation, Innsbruck, Aus-
tria) was introduced. The CI audio processor comprises optional mi-
crophone directionality settings. The “natural” directionality mode
combines a ﬁxed directional pattern with a ﬁlter-implemented imita-
tion of the natural pinna directivity. The primary aim of this study is
to assess the beneﬁt on speech intelligibility in noise with the Sonnet
and the “natural” directionality mode in diﬀerent spatial hearing sit-
uations. An evaluation of the eﬃcacy of the directional microphone
system is of clinical relevance and may give an idea of the expected
beneﬁt for CI users. Furthermore, the results are compared with the
measurements with the older CI audio processor (Opus 2, Med-El
Corporation).
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5.3 Materials and Methods
Participants
Ten unilateral CI recipients with binaural severe-to-profound sen-
sorineural hearing loss were included in the study. All the partici-
pants were native German speakers and experienced CI users. The
details of the study participants are summarized in Table 5.1. The
subjects were Opus 2 audio processor users and had never tried the
Sonnet audio processor before this study.
Study Protocol
The study protocol was approved by the local Ethical Committee
and was conducted according to the Declaration of Helsinki. The
study was initiated, planned, and conducted at our institution and
was not supported by any industrial partners. Three aided conditions
were compared: the Opus 2 audio processor in the omnidirectional
microphone mode (AP1), the Sonnet audio processor in the omnidi-
rectional microphone mode (AP2-OMNI), and the Sonnet processor
in the “natural” microphone mode (AP2-DIR). The “natural” mode
introduces a ﬁxed microphone directionality to imitate the natural
pinna ampliﬁcation of high frequencies arriving from the listener’s
front [8, 9, 185]. This setting was preferred over the optional, and
potentially more eﬀective, adaptive directional mode to exclude the
inﬂuence of time-dependent ﬁlter coeﬃcient readjustments and to
avoid a situation-speciﬁc directionality. Before testing, the subjects
indicated their most favored current program and setting on their
Table 5.1. Synopsis of the study participants.
Subject Gender Age CI Exp., Implant CI Active Monosyllables PTA of non-CI
years years model side electrodes at 60 dB, % ear, dB HL
01 F 74 11 Combi40+ L 11 90 120
02 M 54 6 Pulsar L 11 90 96
03 F 61 9 Pulsar L 12 90 119
04 F 59 11 Combi40+ L 8 75 120
05 M 63 13 Combi40+ L 10 90 68
06 M 58 2 Concerto L 12 80 103
07 F 27 6 Sonata R 10 70 120
08 F 55 7 Sonata L 12 70 106
09 M 69 18 Combi40 R 8 80 120
10 F 63 5 Sonata R 8 75 113
Exp. = Experience; PTA = Pure tone average at 0.5/1/2/3 kHz.
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own AP1. The AP1 ﬁttings were converted to AP2-OMNI and AP2-
DIR ﬁttings according to the manufacturer’s recommendation. The
wind-noise reduction option was switched oﬀ and the sensitivity and
volume levels of both audio processors were set to the same values
for each participant. To assess the speech in noise performance, the
German adaptive Oldenburg sentence test was used [162]. The test
speciﬁc babble noise was presented at a ﬁxed level of 65 dB SPL,
and the sentence signal level was adapted to estimate the SRT at
50% word understanding. The subjects were tested in 4 diﬀerent
spatial situations: the speech signal was always presented from the
front, whereas the noise was presented from the front (S0N0), from
the side ipsilateral to the CI (S0NIL), from the side contralateral to
the CI (S0NCL), or from the back (S0N180). At the beginning of
the experiments, each subject went through 2 training lists, the re-
sults of which were not used for analysis. All the measurements were
performed for the AP1, the AP2-OMNI, and the AP2-DIR mode.
During the tests, the participants were instructed to keep their head
in a straight position. No hearing aids or earplugs were used in the
contralateral ear. To minimize training and fatigue eﬀects, the order
of the tested directionality modes, spatial situations, and test lists
were varied systematically.
Test Room and Test Equipment
The speech in noise experiments were performed in an acoustic cham-
ber (6.0 x 4.1 x 2.2 m3) with a broadband reverberation time of 170
ms. The measurements were controlled using an in-house developed
software. The speech and noise signals were ampliﬁed with an audio
ampliﬁer (Audiobox, Merz Medizintechnik, Reutlingen, Germany)
and presented through Control 1 pro (JBL Professional, Northridge,
CA, USA) loudspeakers positioned at a distance of 1.0 m from the
listener.
Statistical Analysis
The experimental results were analyzed with a nonparametric re-
peated measures ANOVA (Friedman test, level of signiﬁcance = 0.05).
The two-tailed Wilcoxon signed rank test with Bonferroni correction
was applied for paired posttests whenever a statistically signiﬁcant
eﬀect was identiﬁed. The statistical analysis was performed using
the Instat 3.10 software (GraphPad, Inc., La Jolla, CA, USA).
76 Chapter 5. Pinna Eﬀect CI Processor
5.4 Results
Inﬂuence of the Pinna on Speech in Noise
At the time of the study it was not possible to record the micro-
phone output signals of the new audio processor for an objective
comparison between the microphone directionality patterns (AP2-
OMNI, AP2-DIR). Therefore, 2 datasets (1 from published data and
1 from own measurements) were used to compare the inﬂuence of the
pinna directivity in the tested speech in noise situations. The ﬁrst
dataset consisted of measurements performed in the above-mentioned
test setup. A head and torso simulator (Brüel & Kjær, Type 4128,
Nærum, Denmark) with built-in ear and pinna simulators (Brüel &
Kjær, Type 4158/4159) was placed in the center of the loudspeaker
array. The transfer functions of the ear simulators (case including
pinna eﬀects) and the microphone of an AP1 attached behind the ears
(omnidirectional case) were measured from the directions according
to the speech in noise tests. An audio analyzer (R&S UPV, Rohde
& Schwarz, Germany) was used to generate sine sweep excitation
signals and to record the microphone outputs. The second dataset
was obtained from the head-related impulse response database pro-
vided by Kayser et al. [186]. The transfer functions were computed
from the measurements of the “in-ear” and the “front” (omnidirec-
tional, behind-the-ear microphone) situations (anechoic room, loud-
speaker distance of 0.8 m). In both datasets the transfer functions
were averaged over the left and the right side. For each test situ-
ation the signal-to-noise ratio was calculated over 21 critical bands
and weighted according to their contribution to speech intelligibil-
ity [163]. The expected diﬀerences in SRT between the in-ear and
behind-the-ear cases are shown in Table 5.2.
Speech in Noise Performance
Figure 1 shows the individual SRTs for the tested spatial situations
and audio processors. A summary of the observed SRT improve-
ments is listed in Table 5.3. The largest SRT diﬀerence between the
AP2-OMNI and AP2-DIR modes was measured in the in the S0N180
situation, showing an average improvement of 3.6 dB (p < 0.01).
In the S0NIL and S0NCL situations, smaller but statistically signiﬁ-
cant SRT improvements were observed (2.2 dB, p < 0.01 and 1.3 dB,
p < 0.05). As expected, the participants had comparable SRTs with
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Table 5.2. The estimated SRT improvements caused by the directivity of the
pinna simulator.
Expected SRT improvement, dB
Acoustic chamber, Anechoic room [186],
Test D = 1.0 m, D = 0.8 m,
situation RT60 = 170 ms RT60 < 50 ms
S0N0 0.0 0.0
S0NIL 1.3 0.3
S0NCL 1.4 1.9
S0N180 1.3 1.6
D = distance to the loudspeakers; RT60 = reverberation time.
Table 5.3. The SRT diﬀerences listed as the mean value, the standard deviation
and the corresponding Bonferroni corrected probability.
SRT diﬀerence, dB
Test situation AP1 vs. AP2-OMNI AP1 vs. AP2-DIR AP2-OMNI vs. AP2-DIR
S0N0 0.6 (1.2), p = 0.39 0.6 (1.4), p = 0.72 0.0 (0.5), p = 1
S0NIL 0.1 (1.1), p = 1 2.3 (1.3), p = 0.006 2.2 (0.8), p = 0.006
S0NCL 0.6 (1.4), p = 0.70 1.9 (1.6), p = 0.006 1.3 (0.9), p = 0.012
S0N180 0.0 (1.3), p = 1 3.7 (1.8), p = 0.006 3.6 (1.4), p = 0.006
AP1 = Audio processor 1; AP2-OMNI = Audio processor 2 (omnidirectional mode);
AP2-DIR = Audio processor 2 (ﬁxed directional mode).
the AP2-OMNI and AP2-DIR modes in the S0N0 situation. There is
no advantage of directional processing, because the signal and noise
sources are not spatially separated. No statistically signiﬁcant diﬀer-
ences were measured between the 2 conditions with omnidirectional
microphone modes (AP1 and AP2-OMNI). This shows that the par-
ticipants had a similar speech in noise performance with both tested
CI audio processors.
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Fig. 5.1. The individual SRTs for the tested spatial situations and audio proces-
sors. Lower values denote better speech intelligibility in noise. The lines show the
mean SRT and the standard deviation. The brackets show the level of statistical
signiﬁcance (n.s. = not signiﬁcant, *p < 0.05, **p < 0.01). The position of the
tested CI audio processor is indicated by a gray cross. S = Signal (white speaker),
N = Noise (gray speaker), IL = Ipsilateral, CL = Contralateral, AP1 = Audio
processor 1, AP2-OMNI = Audio processor 2 (omnidirectional mode), AP2-DIR
= Audio processor 2 (ﬁxed directional mode).
Discussion 79
5.5 Discussion
This study assessed the inﬂuence of a pinna directivity imitating
directional microphone mode on speech intelligibility in noise. The
directional mode yielded equal or better SRTs when compared to the
omnidirectional mode and caused no negative eﬀects on the speech
intelligibility in the tested situations. Therefore, patients using the
new CI audio processor can be expected to beneﬁt from the “natural”
directional microphone setting in noisy environments.
Better SRTs were observed in all situations with spatially sep-
arated speech and noise signals using the “natural” directionality
mode. An immediate improvement in SRT was found for all par-
ticipants, regardless of the implant type and number of active stim-
ulation channels. The largest SRT improvements were observed in
the S0N180 case, indicating that the masking noise from behind is
eﬀectively attenuated by the directional microphone system. The
comparison of the SRTs between the S0NIL and the S0NCL cases
shows an average head shadow eﬀect in the range of 4-5 dB.
In the S0N0 situation, the participants performed well and achieved
SRTs ranging from -2.4 to 2.6 dB. Comparable SRTs were measured
with the AP1, AP2-OMNI, and AP2-DIR modes. As expected, no
beneﬁts for the speech reception are introduced by the directional
microphone system, because both the test sentences and the noise
were presented from the same speaker. In addition, the similar SRTs
indicate that no disadvantageous eﬀects on the speech intelligibility
were introduced by the directional ﬁltering algorithm.
There are several factors limiting a comparison of our results to
the ﬁndings of previous studies, speciﬁcally the diﬀerences in the
tested microphone directionality strategies, additionally applied noise
suppression algorithms, diﬀerences in the test conditions (single-noise
vs. multinoise), the measurement set-up (i.e. the distance, position
and directionality of the loudspeakers), and the room characteristics
(reverberation time). The SRT improvements found in this study lie
within the range of previously reported ﬁndings using ﬁxed direction-
ality microphone systems [36, 136, 170, 171, 179–182].
The estimation model shows no SRT diﬀerences in the S0N0 sit-
uation, because the speech and noise originate from the same source
(Table 5.2). In the S0N180 and S0NIL situations, the SRT improve-
ments as estimated from the datasets were smaller than observed with
the tested CI users. A more comparable estimation was found in the
80 Chapter 5. Pinna Eﬀect CI Processor
S0NCL situation. The validity of the estimation model is obviously
limited, nevertheless, it indicates that SRT improvements because of
the pinna eﬀect can be expected in the experimental set-up. The
diﬀerences between the estimated and measured SRT values suggest
that the AP2-DIR mode provides a stronger directionality toward the
front than a natural pinna. A hypercardiod polar pattern for frequen-
cies above 2 kHz was reported to be suﬃcient for a compensation of
the pinna eﬀect in behind-the-ear hearing aids [185]. Currently there
is, however, no data available for an objective evaluation of the direc-
tionality pattern provided by the AP2-DIR setting.
The speech in noise tests were performed with a single-noise source.
Considering a multinoise scenario, the mean expected signal-to-noise
ratio beneﬁt could be estimated by a superposition of the tested situ-
ations because of the linearity of the microphone inputs in the ﬁxed
directionality mode. It is expected that a bigger beneﬁt for speech in-
telligibility in noise can be achieved with the adaptive directionality
mode of the CI processor. The evaluation of the adaptive direction-
ality mode, however, lies beyond the scope of the presented work.
The identical test setup was used in a previous study investi-
gating the speech in noise performance with a single-unit CI audio
processor of the same manufacturer [187]. The study showed that an
omnidirectional microphone placed further behind the ear leads to
worse SRTs in the S0N180 situation. A directional microphone sys-
tem, such as the one investigated in this study, may compensate for
the disadvantage caused by the shift of the microphone position.
The participants had similar SRTs in all tested situations with the
AP1 and the AP2-OMNI conditions. This indicates that the inter-
change of the CI audio processors and the conversion/transfer of the
ﬁttings between the processors had no negative eﬀects on the speech
reception of the participants. The subjects tested in this study repre-
sent a cohort in which bilateral implantation should be preferred [55].
It is assumed that the pinna eﬀect imitating directional microphone
may provide beneﬁts for patients with bilateral CIs. In the same way,
the inﬂuence of the directional microphone system on sound localiza-
tion may be interesting. This was not evaluated in the presented
work and is subject to ongoing studies.
chapter 6
CONCLUSIONS AND OUTLOOK
This chapter gives an overall conclusion about the work
presented in the thesis. The contributions and limitations
of the research projects are discussed and an outlook on
upcoming work is described.
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In this thesis, approaches from several disciplines were presented
with the aim to improve the treatment eﬃcacy of current CI systems.
Computer-assisted methods and surgical procedures for minimally in-
vasive cochlear implantation were developed and evaluated in cadaver
models. Furthermore, novel CI audio processors and front-end signal
processing technologies were examined about their impact on speech
intelligibility in noise using computational models and audiological
experiments.
6.1 Minimally Invasive Cochlear Implantation
The work presented in the ﬁrst 2 chapters contributes to the workﬂow
needed in the clinical application of the robotic DCA system designed
at the University of Bern. A preoperative planning paradigm that
accounts for insertion-related aspects was developed. The method
was evaluated in a cadaver model and achieved 9 of 10 insertions into
the ST. The case of the SV insertion is not ascribed to the planning
method, because of the registration error caused by a broken ﬁducial
screw. Our group continues on the advancement of the preoperative
planning methods to further automate the proposed paradigm and
to incorporate additional features that can be also valuable in con-
ventional surgery, e.g., the preoperative selection of electrode arrays
that ﬁt the patient’s residual hearing and anatomical situation. It
has to be pointed out that the potential advantages of the proposed
methods with regard to structural preservation are subject to clinical
evaluations.
Furthermore, a clinically applicable CI electrode array insertion
method was developed and tested. The procedure demonstrated
both safe and eﬀective insertions. It could be argued that the tym-
panomeatal ﬂap may oppose the minimally invasive DCA concept.
However, for safety reasons the tympanomeatal ﬂap is intentionally
kept in the clinical procedure during the ﬁrst-in-man clinical study.
It allows an immediate reaction in the case of unanticipated prob-
lems during the array insertion. In the meantime, our group has been
working on a strategy that avoids the tympanomeatal ﬂap. First, the
procedure would involve a microendoscope inserted through a small
incision in the tympanic membrane for supervision. Then, the robotic
system can be used to not only drill the DCA but also to automati-
cally perform the ST access. The feasibility of an atraumatic access
through the combination of preoperative planning and force-sensing
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data has already been demonstrated [188]. After the endosteum is
exposed, the tympanic cavity can be cleaned with irrigation and suc-
tion administered through the DCA. Finally, an insertion guide tube
could be inserted through the DCA tunnel to bypass the tympanic
cavity and to facilitate an insertion controlled only from the mastoid
surface. A ﬁrst prototype of such an insertion tool is currently under
investigation. The limitations of the suggested approach avoiding
the tympanometal ﬂap are the sealing method of the electrode array
after insertion and the management of bleeding. The latter issue can
be only evaluated in vivo. Possible solutions for sealing would be to
introduce grafting material through the tympanostomy or to develop
electrode arrays with dedicated sealing mechanisms. A further im-
provement envisioned is the application of the robotic manipulator
for the insertion itself. The force-sensing components and the high
accuracy could be valuable for an automatically controlled insertion
procedure.
6.2 CI Audio Processor Front-End
The second part of the thesis evaluated novel audio processor designs
and front-end signal processing with regard to speech intelligibility in
noise. The results of both presented studies provide clinically relevant
data about the expected outcome with the CI audio processors.
The study investigating the single-unit audio processor demon-
strates the impact of the microphone position on speech in noise
performance. A direct correlation between the position of the om-
nidirectional microphone on the head and the measured SRT was
shown. A position shift to the back of a few centimeters caused a
signiﬁcantly reduced speech intelligibility in the experimental setup.
This ﬁnding is important for the counselling of CI recipients prior
to upgrading to the new processor. In addition, the results could be
used to improve newer versions of the single-unit CI processor. The
demonstrated eﬀect might as well be considered in the placement of
the microphone in future totally implantable CI systems.
A way to improve speech intelligibility in noise is the implementa-
tion of directional multimicrophone systems. In the second audiolog-
ical study, the evaluation with the pinna eﬀect imitating directional
microphone showed an immediate beneﬁt for the tested CI users.
Thus, at least for adults, the directional microphone setting should
be suggested as a standard for the ﬁtting procedure with this model.
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In the presented studies, the identical experimental conﬁgurations
were used and the investigated audio processors were tested against
the same preceding model. This enables a direct comparison between
the CI audio processors of both studies. The single-unit processor
certainly aims at diﬀerent demands of CI users (e.g., optical appeal),
however, the diﬀerences in the speech in noise performance compared
with the directional microphone processor are striking. Therefore,
from an audiological point of view, the CI audio processor with the
directional microphone functionality should be preferred. A consider-
ation of the results of both studies further suggest that the position-
introduced drawback of the single-unit processor can be overcome by
the implementation of directional microphone systems.
An even higher beneﬁt for the speech intelligibility in noise can be
expected from adaptive beamforming algorithms. The investigated
pinna eﬀect imitating audio processor additionally oﬀers an adaptive
microphone directionality setting. An evaluation of the performance
of the adaptive beamformer is of clinical relevance, but requires the
understanding of the dynamic parameters of the algorithm before
testing with subjects.
As suggested in the studies, an implementation of more repre-
sentative conditions for the speech in noise experiments should be
undertaken. One way to achieve a more realistic test environment
would be the application of test scenarios with diﬀuse background
noise. For that reason, multi-noise tests are currently developed and
evaluated for future speech intelligibility studies in our institution.
In this thesis, several aspects of cochlear implantation were ad-
dressed and multidisciplinary methods were applied to improve the
eﬃcacy of current CI systems. Nevertheless, open questions remain
to be addressed to further advance the presented methods and con-
cepts.
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